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The pH and the amphoteric behavior of soils 
in relation to the Donnan equilibrium. 

SANTE MATTSON and LAMBERT AVIKLANDER. 

Prom the Institute of Pedology. 

Theoretical. 

In oiir previous ptipers ^ve have assumed that the saloids 
are incomplete!}" dissociitted, that the Ca-saloid is less disso- 
ciated than the ITa-saloid and so forth. The charge, the power 
to imbibe water and other colloidal properties point that way. 
But it is also possible that the saloids, like most of the salts, 
are completely dissociated. It seems probable that monovalent 
groups on the surface of the acidoid are sitting so far apart 
that a complete association with a divalent cation is impossible. 
Thus the phosphate-bouiid Ca in a phosphoric acidoid (Fe- and 
Al-phosphates) is easeij displaced by the alkali cations (Mattson 
& Karlsson 1938). 

Yet, because of the very nature of the saloids, the}" may in 
effect be incompletely dissociated due to the fact that the 
micellar ions are within the lang’e of attraction of the colloidal 
ion-complex. The iiiterionic attraction must markedly reduce 
the activity coefficient (f) of the ions and this means a low 
activity (fc) in proportion io the concentration (c). The divalent 
ions, which may be assumed to be held nearer the surface than 
the monovalent ions, wonkl therefore suffer the greatest re- 
duction ill their activity. The lower the activity of an ion in 
the micellar solution the greater will be the displacing powder 
of that ions when added to the system. 

1 — 39498. Lantbrukahogskolans Annaler. Vol. 8. 
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Siicli a partial dissociation of ail tlie ions would equally 
well serve to account for the variations in the apparent disso- 
ciation constants of the acidoid and basoid groups and for 
the position of the amphoteric points of soils in different salt 
solutions. All application of the mass law would lead to the 
same results as in the case of oiir previous assumption of a 
limited dissociation, provided that we substitute the activity 
ill place of concentration. 

But, even on the basis of a complete dissociation of the 
saloids, we can, in a general way, account for the phenomena 
here studied by an application of the mass law in the form 
of the Doimaii equilibrium to the distribution of the free ions 
of the system, an application which has led to some very 
significant and interesting results. 

The application of the Donnan equilibrium to the study of 
cation exchange in soils has been made by Teeasvuoui (1930) 
and Molleb (1935). Valuable and interesting as this work is, 
it can hardly be cosidered to have passed the qualitative stage. 
Du Rietz (1938) who used a ligno-sulphonic acidoid (a strong, 
completely dissociated acidoid) has been able to place the 
problem on a quantitative basis and thus greatly contribute 
to its solution. The results obtained by these workers leave 
no doubt that the classical mass law in its modern formulation 
can be applied even in the case of so complex a material as 
the soil. We shall, therefore, in the following apply the 
Donnan equilibrium to the amphoteric reactions of soils in 
order to show what consequences may be drawn and what 
conclusions may be arrived at. 

We are aware of the fact that an application of the Donnan 
equilibrium to amphoteric colloids is extremely complicated 
and we admit that it might seem difficult to understand how 
an amphoteric soil, which at the equi-ionic point binds large 
cjuantities of anions and cations, can possess an electrostatically 
attracted swarm of free ions of opposite sign of charge. Why 
do not these ions distribute themselves in pairs equally through- 
out the system, since the colloidal ions would compensate each 
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other like amphoteric »Zwitterioiien-':' ? But the acidoid and 
basoid ions may be too far apart to exert any appreciable 
interionic attraction. In this case these ions will attract the 
diffusible ions of opposite sign of charge and thus form an 
» amphoteric » ion atmosphere within which the anions and 
cations aiternatiiigly dominate from point to point. The soil 
particle may also consist of a mosaic of acidoid and basoid 
clusters outside of which >>clouds» of cations (over the acidoid 
areas) and of anions (over the basoid areas) would gather. 
This would especially be the case in the more heterogenous, 
less intimate mixtures of acidoids and basoids. 

We shall, in what follows, assume that the amphoteric soil 
particle possesses, at and near the equi-ionic point, swarms of 
dissociated anions and cations. 

The ions which form a swarm around the particles show no 
particular specificness toward the colloidal ion as in the case 
of the formation of a crystal lattice or a slightly dissociated 
compound. Any other ion of the same sign of charge will 
compensate the colloidal ion equally well and will, therefore, 
when it comes near the surface allow the ion originally disso- 
ciated by the colloid to diffuse away. Within the micellar 
solution there is no difference between the ions --belonging'- 
to a salt present in the system and the ions »belongiiig^> to 
the colloidal ions. The micellar solution merely contains an 
excess of ions of opposite sign of charge to that of the col- 
loidal ions. The concentration of the micellar solution (which 
contains the swarm ions together with the ions of the free 
electrolyte) is always greater than that of the outside solution 
but the two concentrations become almost equal at high con- 
centrations. The composition of the micellar solution will 
depend upon the composition of the outside solution because 
there is a continual exchange of ions according to the mass 
law. For monovalent ions this exchange may be formulated 
as follows : 

for an acidoid: 

(H-)i + (Na-)o^(Na-)i + (H-)o 


( 1 ) 
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and for a basoid: 

(OH'), + (Ci')o ^ (Cl')i + (OH')o (2) 

where the parenthesis stands for the ion activity and i and o 
signify that the ion is in the inside and the outside solution 

respectively. 

Tiie Doiinan equilibrium then gives: 
for the acidoid: 

(H-),-(N a-)„__ 

(H-)o-(Na-ji 

and for the basoid: 


When the H and OH ions are displaced by divalent ions 
the corresponding equations become: 

2(H-), + lCa--)o^(Ca--)i + 2(H-)o (5) 

2 (OH'), + (SO",)o ^ (SO",), + 2 (OH')o (6) 


from which the corresponding Doiinan expressions assume the 
following forms: 

(H-)^i • (Ca- •)„ 

(H-)%-(Ca"), 

and 

(OH')^-(S O",)o 
(OH')=^„-(S 07 '), ^ 

The Doiinan distribution of the ions between the micellar 
and the outside solution may also be expressed as follows: 
for the acidoid: 

(H )q (Na )o ‘)o 


( 9 ) 
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and for the basoid: 

(OH')o (Cl')o ^ ' 

111 studying’ the distribution of the ions of the free electro- 
lyte between bentonite gel and the outside solution the fol- 
lowing equations were used (Mattson 1929 and 1932): 

x“ = y (j -b z) ( 11 ) 

when all the ions are monovalent, e. g., hTa-saturated bentonite 
in a NaCl solution: 

and = y2 (y -I- 2 ) (12) 

when the cation is divalent, e. g., Ca-saturated bentonite in a 
CaCh solution. 

Here x is the activity of the anions and cations of the free 
salt in the outside solution, y their activity in the micellar 
solution and z the activity in the micellar solution of the 
cation dissociated by the acidoid. 

In terms of x, y and z equation (9) becomes ^ 

Due to a confusion of terms Mattson :q929) disregarded the valence 
when calculating the Donnan potential and erroneously concluded that the 
results in table 10 of the cited series were in agreement with the tlieory. 
In this experiment the ratios of x/y were about the same for the Cl and 
the vSC.! (which were both present) although x was in excess of y by 

a little over O.oii in a total concentration of about one half normal. This 
is, as ScHOBTELD (1935) points out, »a serious discrepancy ... in the one 
case where an internal check can be made»- 

The intention is here merel.y to correct an erroneous conclusion but it 
should also be pointed out that it is undoubtedly wrong to use so high 
concentrations in a study of the Donnan equilibrium. It is therefore not 
so surprising that the x/y ratios were the same for the two ions as that 
there should be any appreciable difference in the values of x and y. Or is 
the ^negative absorption^ due to two different causes: 1.1/ to the fact that 
the »unfree» water does not act as solvent (in which case the valence ivould 
have no influence) and (2) to the Donnan distribution? Wiegner observed 
no negative adsorption when working on the basis of air dry material. We 
hope to repeat the experiment in table 10 in dilute solutions and once 
more try to gain some delinite information eoneerning this very important 
problem. 
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J Na d- Zya 1 + Zpa 

1' Xca 

In equations (9) and (10) the divalent ions enter as the square 
root of their activity. This means that a dilution, which affects 
the outside solution much more than the inside, will favor the 
iiio'o of the divalent and the outgo of the monovalent ions. 
That is, the relative displacing power of divalent ions will be 
greatly enhanced in dilute solutions whereas at high concen- 
trations the displacing power of the two ions should be more 
nearly balanced provided the different saloids are completely 
or equally dissociated. It is the application of this law to the 
amphoteric behavior of soils which is the object of our present 
investigation. 

It should perhaps be pointed out that the far greater dis- 
placing* power of the H (and OH) ions in no way invalidates 
the application of this law. Whatever our views on the soil 
saloids might be it seems certain that the soil acidoids (and 
basoids) are dissociated to a limited extent. A low dissociation 
means a low activity in the micellar solution and the lower 
that this activity is the greater will be the displacing power 
of the H ions, because a correspondingly low activity in the 
outside solution will suffice to satisfy the relationship in 
equation (9). The free H ions are distributed according to 
the Doiinaii equilibrium the same as the other monovalent 
ions but their great displacing power is governed by tlu:^ 
eqiiilibriuiii : 

(H-Acidoid) (Acidoid)'! -f (H')i 

The same applies to the OH ions of the soil basoids which 
are even weaker than the soil acidoids. 

Prom the fact (1) that a soil simultaneously adsorbs large 
quantities of anions and cations at the equi-ionic point in the 
presence of a neutral salt, and from the fact (2) that in dilute, 
solutions the divalent anions and cations displace the OH and 
H ions of the soil much more strongly than do the monovalent 
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anions and cations, whereas in stronger solutions the displacing 
power of the ions is more nearly balanced, we are lead to yerj 
significant and interesting conclusions. 

If to an uiisatiirated soil, w^hose acidoid and basoid groups 
are present in equivalent proportion, we add increasing con- 
centrations of a neutral salt solution containing a divalent 
cation and a monovalent anion, e. g. CaCl^. we ought to get 
the following results: 

In low concentrations the Ca ions wfill displace coiisiderabh" 
more H ions than the Cl ions will displace OH ions. In higher 
concentrations the two reactions will more nearly balance each 
other. The exchange acidity must therefore attain a maximum 
in dilute solutions and then decrease in higher concentra- 
tions.^ 

If we add a solution containing a divalent anion and a 
monovalent cation, e. g. Ha^SO^, we ought to get a maximum 
exchange alkaliinty in dilute solution. 

To test this theory we selected a sample from the B horizon 
of an iron podzol (from Furudah Dalariia), which had the same 
pH in water and in N/K)0 NaCl solution. We took this as 
an indication of an equivalence between the acidoid and basoid 
groups. The pH was determined by the glass electrode in 
water and in various concentrations of up to IS 2.0. 

The results, given in fig. 1, show that a concentration of IS/oO 
gave a maximum exchange alkalinity equal to 0.52 pH unit 

^ A disturbing factor^ especially Avlieii the acidoid content is high and 
the exchange acidity great, will he the dissolution of the basoid-boiind Cl 
ions in the form of AlCh which by hydrolysis gives HCl. Since this solution 
of A1 (and Fe) is greater at a given pH the higher the concentration of salt 
it is clear that the exchange acidity, which thus comes from two sources, 
will he enhanced in the concentrated solution. To the extent that this 
dissolution takes place the exchange alkalinity resulting from a displacement 
of OH ions will be neutralized and this will partly or completely obscure 
the valence effect as above postulated according to the Doiinan equilibrium. 
This applies to all the neutral salts but the effect will he smaller for salts 
of divalent anions and monovalent cations due to a higher pH and the 
coagulating effect of the divalent anions on the cationic sol complex. 



8 


Sante Mattson and Lambert Wiklander 


whereas a 100 times strong’er solution 
gave only a 0.24 unit higher pH than 

in water. 

Determinations of the pH o£ varions 
soils in water, in N/lOO and in N/l 
ISTaoSO^ gave the highest values in 
the N/1 solution when the basoid 
group dominated (lateritic subsoils), 
whereas the pH was highest in the 
N/lOO solution when the equivalence 
between acidoids and basoids seemed 
to be balanced (lateritic surface soil 
and iron podzol samples from the 
B-horizon). An excess of acidoids over basoids always resulted 
in an exchange acidity in both salt solutions (humus soils and 
gray soils). A little reflection will show that this is all in 
agreement with the theory. But the relationships are very 
complicated and will be more easely comprehended if we con- 
struct some theoretical curves analogous to the experimental 
curves. 

Knowing neither the activities nor the concentrations of the 
ions in the micellar solution and knowing of no reliable method 
by which they may be determined in so complex systems as 
soils we shall not attempt a quantitative application of the 
above equations in order to find how the experimental results 
fit the theory. But we can make a qualitative application of 
the mass law to an amphoteric soil in at least two different 
wmys. We can construct titration (dissociation) curves which 
are based on apparent acid and base dissociation constants 
assumed in accordance with the valence effect in the Donnan 
equilibrium and we can calculate this equilibrium on the 
basis of various assumed activities in the inside and outside 
solutions. 

The more strongly an ion displaces the H ions of a soil 
acidoid the stronger will be the apparent dissociation constant 
of the acidoid and the greater will be the capacity of the soil 


pH 


S£. 


Sp 


S.z- 



^NaC/ 


Sc/H Cone. 

Fig. 1. The pH of the Furudal 
soil in water and in solutions 
of various concentrations of 
jN Ug 80 ^. 
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to bind base at a given pH. The same applies to the basoids. 
Now it follows on the basis of the Donnan equation that, in 
low concentrations, divalent anions and cations must cause a 
much greater increase in the apparent basoid and acidoid 
dissociation constants than the monovalent ions whereas in 
high concentrations the increase will be more nearly the same. 

That this is actually the case is shown in figures 2 and 3, 
which are taken from unpublished data by Mattson andEKMAN. 



10 


Saute Mattson and Lambert Wiklander 





Fig. 4. The same as fig. 6 when hasoid; aeidoid = 0.2 : 1. 

It will be seen that N/lOO CaCL causes a very much greater 
increase in the exchang*e acidity and in the capacity to bind 
base than does N/lOO ISTaCl whereas the corresponding in- 
crements between N/10 and N/l are greatest in the case of 
NaCi. We are presenting these curves inei'ely to justify the 
assumptions we shall make below as a basis for the theoretical 
curves in fig. 6 and shall therefore not at this time discuss 
any other details in figures 2 and 3. 

The question now arises how will this valence effect, in 
various combinations and concentrations of ions, affect the 
equi-ionic point and the point of exchange neutrality of the 
system? 

To illustrate this we will first consider a system containing 
1 mol of an aeidoid HgA and 1 mol of a basoid B(OH )3 whose 
apparent dissociation constants ka and kt, and whose capacities 
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Fig. 5 . The same as fig. 6 when hasoid: aeidoid = 0.5: 1 . 

to bind base and acid respectively, when titrated in 
water, are as given under (A) and (B) in table 1. If instead 
of water we use a dilute solution of a salt of a divalent anion 
and a monovalent cation sucb as an alkali sulphate there will 
be a considerable increase in the kb values whereas the ka 
values will be much less affected [cf. (A') and (B^ table 1]. 
In a strong solution of the same salt both the kb and the ka 
values will be greatly increased [cf. (A") and (B") table 1]. 


1 + 


(H+r 



X — 
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Table 1. 

Tiie theoretical ^neutralizations of a system containing 1 nioi of 
an acidoid HgA and 1 mol of a basoid 

Capacity to bind base (x) and acid (y) when: 


rHt) 10-0 

I'.OH-i [10-i< 

10-1 jio-2 
io-w!io-i2 

10-3 

10-11 

10-4 

10-10 

10-0 

10-0 

10-0 

10-8 

10-’ 

10-7 

10~8 

10-^5 

10-9 

10-5 

10-io| 
10-4 : 

(A) = 1 X ICM, = 1 X 10-T, k^ = 1 X 10-8, c = M/1 j 

X 





.01 

.10 

.60 

1.50 

2.40 

2.90 

■ 

2.99 

i 

! 

(B) k^^ = 1 X 10-10, = 1 X 10-11, k^j = 1 X 10-12, e = M/1 j 

y 

2.99 

2.90 

2.40 

1.50 

.60 

.10 

.01 





X — y 

— 2.99 

-2,90 

-2.40 

— 1 .50 

— .59 

± . 0 

.59 

1.50 

2.40 

2.90 

2.99 

(A') k'j^=1.78X10-0, k',^^=1.7SX10-i, k'^^= 1.78X10-“, c = M/1 | 

X 





.02 

.17 

.81 

1.74 

2.58 

2.94 

2,99 

(B') k',,_=3,iaxi0-3, k'^^= 3 .i 6 X 10-10, k'^^=3.i6X lO-n, c = M/l j 

y' 

3.00 

3.00 

2.97 

2.73 

1.97 

1.03 

.27 

.03 




t t 

X — y 

— 3.00 

—3.00 

-2,97 

— 2.73 

— 1.95 

- .86 

.54 

1.71 

2.58 

2.94 

2.99 

(A") k"„^ = 1 X 10-‘, k"^, = 1 X lO-'i, k"j,^ = 1 X 10-0, c = 

M/1 

! x" 



.01 

.10 

! 

.60 j 1.50 

2.40 

2,90 

2.99j 3.00 

3.00 

(B") k''|^^=3.l6X10-8, k"^= 3.16X10-0, k",^ =3.i(iX lO-io, c= 

=M/1 

y" 

3.00 

3.00 

3.00 

2.97 

2.73 

1.97 

1.03 

.27 

.03 


3.00 

1 x—y' 

-3.00 

— 3.00 

—2.99 

-2.87 

— 2.13 

- .47 

1.37 

2.63 

2.96 

3.00 

.04 

1 x) - (y — y) 

- .01 

— .10 

— .57 

-1.23 

— 1.36 

— .86 

- .05 

.21 

.18 


(x"-~x)--(/'-yl 

— .01 

— .10 

- .59 

— 1.37 

— 1.54 

— .47 

.78 

1.13 

.56 

.10 

.01 

J (.K"-x')-(y"-v’) 



— .02 

— .14 

— .18 

.39 

.83 

.92 

.38 

.06 

.01 
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X ^ 



A c’/c/ (^y) Gc^cj/v'. G c7^& Cx^) 


Fig. 6. The theoretical capacities of a system containing 1 mol of an acidoid 
Hg A and ' 1 mol of a hasoid B(OH)s to hind base and acid in water (x — y) 
and in a dilute (x' — yO and in a concentrated (x'' — y") solution of a salt 
of the type when the apparent dissociation constants are as given in 

table 1 and 2. The inverted figure shows the same capacities w'hen the salt 
is of the type M“S '2 and when the pk values are as given in table 3. 
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In terms of pk tlie assumed values for the apparent disso- 
ciation konstants in water and in solutions of a neutral salt 
of the type MkS" are as follows: 


TaMe 2, 



, 

Pl'a, 

vK, 


p’'’b. 



III water 

G.U 

7.0 

8.0 

lO.o 

11.0 

12.0 

1 In dilute solution j 5.75 ‘ 

^ 6.75 

! - 
l .7o 

8.5 

9,5 

10.5 

III concentrated solution , . . 

4.0 

5.0 

610 

1 

7.5 

8.5 

9.5 


By plotting the x and y values against the pH we get the 
curves in figures 6. The first notable thing is here the fact 
that the equi-ionic point (x— y = 0) in the dilute solution E^, 
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S' S' / o / S' c 



Fig. 8. The same as fig. 6 when hasoid: acidoid = 1:0.2. 

is not only above the equi-ionic point in water Ew but is also 
above the equi-ionic point in the concentrated solution Eg". 
(Cf. the various values for x and y and x — y in the column 
under (H"^) = in table 1.) A soil having the corresponding 
anaphoteric properties would, in the completely unsaturated 
condition, yield a greater exchange alkalinity upon the addition 
of a smaller than a larger amount of the salt exactly as we 
have shown in fig. 1. 

From this we can make the further deduction that if the 
soil originally contained an amount of salt corresponding (when 
suspended in water) to that of the dilute solution and we then 
added salt to correspond to the concentrated solution we would 
find that the salt caused a lowering of the pH. If, however, 
we decided to leach the soil before determining the pH in 
water and in the solution we would find that the salt caused 
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an elevation of the pH. In the first case we would find an 
exchange acidity and in the second an exchange alkalinity. 

The differences in the incremenis produced by the salt in 
the capacity of the system to bind base x and acid y are given 
ill the last three rows of table 1. Where these differences 
are positive the addition of the salt produces an exchange 
acidity, where negative an exchange alkalinity. The point of 
exchange neutrality is the pH where this difference equals 
zero and corresponds to the point of intersection of each pair 
of curves in fig. 6. In changing from water to the dilute 
solution and from water to the concentrated solution the points 
of exchange neutrality, Ex' and Ex'' respectively, are both on 
the alkaline side of the corresponding equi-ionic points in our 
assumed system. In changing from the dilute to the con- 
centrated solution the point of exchange neutrality Ex'" occurs 
far down on the acid side. 


Interpolated the various aihphoteric points in table 1 and 
in fig. fi are approximate vely as follows: 


1 pH 

E„. E,, 

E,„ 

Ex' 

Ex" 

Ex'" 

1 

5.0 1 5.62 i 

5.27 

6.10 

6.37 

4.40 


This scattered position of the points of exchange neutrality 
will give rise to some peculiar and interesting phenomena. 
Suppose that we have a soil possessing the assumed ampho- 
teric properties and suppose that soil to be saturated with 
base to the extent that its pH lies between the points Ex" 
and Ex'. A small amount of the salt would then cause an 
elevation of the pH whereas a large amount would cause a 
lowering of the pH. In the first case an exchange alkalinity, 
in the second an exchange acidity (and somewhere in between 
an exchange neutrality). 

We can now study the influence, on the above system of a 
salt of a divalent cation and a monovalent anion, such as an 
alkaline earth chloride, mei’ely by turning fig. 6 upside down 
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and clianging the x values to y values and (in -table 1) the 
plus signs to minus signs and vice versa. Bj writing the pH 
values as indicated in the inverted figure the ka and kb values 
will be the same, but since the cation is now the ions which 
has the greatest effect in dilute solution the apparent increase 
in the constants will be shifted from the one to the other. 
In terms of pk or values for the apparent dissociation con- 
stants in water and in solutions of a neutral salt of the type 
M‘ * S '.2 will now, on the basis of the same assumptions, be as 
follows; 


Table S. 



vK, 



P^b, 


i 

In water 

6.0 

7.0 

8.0 

lO.O 

11.0 

12.0 ! 

In dilute solution 

4.5 ! 

5.5 

6.5 

9.75 

10.75 

11.75 

In concentrated solution . . . 

3.5 

4.5 

i 

5.5 

i 8.0 

9.0 

lO.o 1 


The amphoteric points, interpolated on the inverted figure, 
have the following approximate values: 


pH 

Kw 

Es' 


E.V 

E.” 


5.0 

4-38 

4.73 

1 

3.90 

4.03 

j 

5.60 


The equi-ionic points in the salt solutions and the points 
of exchange neutrality have now moved to the opposite side 
of pH 5.0 (= Ew). The inverted figure shows therefore why 
the addition of a neutral salt of the type M' ' to an iin- 
saturated soil, whose amphoteric properties corresponds to our 
theoretical system, must result in an exchange acidity, and 
why this acidity must be greater in a dilute than in a con- 
centrated solution of the salt. 

We shall now see how changes in the proportions of acidoids 
to basoids affect the position of the amphoteric points in the 

2 — 39498. Lanthrukshogskolans Ammler. Vol. 8. 
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different types of salt solutions when the various assumed 
constants remain the same as in the above discussed system. 

To do this we need two sets of figures for each type of salt, 
one in which the ratio of acidoid to basoid is inci^eased and 
one in which it is decreased. But since we can get the effect 
of one type of salt (e. g. M' * S'^) by turning the figures, show- 
ing- the effect of the other type of Salt (e. g. M'gS''), upside 
down we can get along with two sets and shall confine oiir- 
selve to two figures in each set which, together with fig. 6, 
gives us a series of fi.ve ratios. 

Figures 4, 5, 6, 7 and 8 show the capacities to bind acid 
and base when the ratios of basoid : acidoid are 0.2: 1, 0.5: 1, 
1 : 1 and 1 : 0.5 and 1 : 0.2 respectively, (a) in the upright posi- 
tion when the pk values are as shown in table 2, in water 
(x— y), in a dilute (x'-^y') and in a concentrated (x^—y") so- 
lution of a neutral salt of the type M'gS", and (b) in the in- 
verted position when the pk values are as shown in table 3, 
when the neutral salt is of the type M* ‘ 

The relationships brought out in the figures will be more 
easely seen if we put all the amphoteric points together as 
in table 4. 

The values in the — Es' column, table 4, are all negative 
under A and positive under B. This means that in the un- 
saturated systems the salt M^S" would, in dilute solution, 
always give rise to an exchange alkalinity whereas the salt 
M* * S '2 would, in dilute solution, always yield an exchange 
acidity. This shows that, as the theory demands, the valence- 
effect dominates in dilute solutions. 

The values in the Ew—Es" column change from positive to 
negative (from exchange acidity to exchange alkalinity) as the 
proportion of the basoid group increases and the acidoid group 
decreases, and vice versa, in the case of both types of salt. 
In concentrated solutions the ratio of acidoids to iasoids must 
therefore be expected to dominate over the valence effect. 

In fig. 9 we have made an attempt to show the relationship 
graphically. It might seem absurd to plot curves on the basis 
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Table 4, 

The various points in figures 4—8 (approximate, inter- 
polated pH values). 

A. Upright position of figures, pk values as in table 2. Central salt of 

the type M'yS'h 


Fig. 

Basoid : 
Acidoid 

E.- 

Es' 

Eg,, 

E.- 



e.-e,.';e,.-e,,„' 

Es'-E,-'’| 

4 

0.2: 1 

4.67 

O.05 

3.97 

5.40 

3.78 

none 

! 

— .38 ; .70 

1.08 

5 

0,5: 1 

1 

4.93 

6,42 

4.64 

1 5.82 

1 : 

4.58 

3.25 

— .49 I .29 

' .78 1 

6 

1.1 

6.00 

5.62 

5.27 

6.10 

5.37 

4.40 

— .62 j — .27 

.35 

7 

1 : 0.5 

5.17 

0.85 

! 0.87 

1 6.53 

j 6.12 

5.92 ; 

i —.68 — .70 

— .02 I 

j 

8 

1 : 0.2 

5.40 

1 

6.25 

j 6.55 

j 7.00 

7.10 

7.10 

— .85 —1.15 

— .30 i 

t 


H. Inverted position of figures, pk values as in table 3. Neutral salt of 

the type M' * S'o. 


Fig. 

Basoid : 
Acidoid 

E,v 

Es' 

E,„ 

Ex' 

Ex" 

Ex"' 

Ew-Es' 

Ew-E," 

E.'-E.v. 

4 

1 :0.2 

5.33 

4.95 

6.03 

4.60 

6.22 

none 

.88 

-.70 

— 1.08 

6 

1 : 0.5 

5.07 

4.58 

5.36 

4.18 

5.42 

6.75 

.49 

— .29 

— .78 

6 

1:1 

5.00 

4.38 

4.73 

3.90 

4.63 

5.60 

; .02 

1 .27 

— .35 

7 

0.5: 1 

4.83 

4.15 

4.13 : 

3.47 

6.12 

4.08 

.68 

.70 

.02 ‘ 

8 

0.2: 1 

4.60 

3.75 

1 3.45 

i 

3.00 

2.90 

! 2.90 

.85 

1.15 

.30 


of so indefinite quantities as »dilute» and ^concentrated^ so- 
lutions, but since we actually do obtain similar curves experi- 
mentally and since the figure does bring out the general theo- 
retical relationship when the variables are as above assumed, 
we find the procedure justified inasmuch as the curves will 
give a much better picture than words and tables. 

Fig. 9 shows that (l) when the group which is acted upon by 
the divalent ions is in great excess the deflection of the pS should 

^ Negative values == exchange alkalinity. Positive values = exchange 
acidity. 
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Fig. 9. The exchange alkalinity and exchange acidity of the various systems 
described in tables 1 — 4 and in figures 4 — 8 when acted upon by » dilute » 
and »concentrated» solutions of salts of the types M’^S and M’ ' S'g. 


le greater in a eoncentrated than in a dilute solution (cf. upper- 
most and lowest curves in fig. 9. Cf. also fig. 8); (2) token 
the proportion of the acidoid and basoid groups are more balanced 
the dilute solution should produce the greatest effect (cf. 1 : 1 
ratio curves in fig. 9. Cf. also fig. 6); and (3) when the group 
■which is acted upon by the monovalent ions is in great excess 
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the dilute and the concentrated solidion^t may cause an opposite 
deflection of the p>S, (Gf. fig. 4 and 5.) 

A study o£ fig. 4 — 8 will show that if a soil, which con- 
tains a higher proportion of acidoids than basoids, is saturated 
to a certain extent with bases, it will give the » regular » type 
of exchange reaction. No matter which salt we use we will 
get an exchange acidity and this acidity will increase with 
increasing concentration. The phenomena here discussed must 
therefore be studied on completely unsaturated soils, and pre- 
ferably on soils having high equi-ionic points in order to avoid 
the disturbing effect of the dissolution of A1 und He above 
alluded to. 

The above application of the theory illustrates the relation- 
ship between the valence effect in the Donnan equilibrium 
and the ratio of acidoids to basoids in the collodial complex. 
We have been discussing this relationship in terms of dilute » 
and ».concentrated» solutions but we have said nothing about 
the degree of dilution or concentration at which the valence 
effect will become most pronounced. We have said that a 
dilution favors the ingo of the divalent ions and the outgo 
of the monovalent ions. But the valence effect operates in 
the insides as well as in the outside solution. Why then does 
a dilution favor the ingo of the divalent ions? The question 
might seem unnecessary but we are asking it because the 
answer to it will pave the approach to the next problem. 

When we dilute the system we dilute the outside solution 
much more than the inside solution because x and y in equa- 
tion (13) (not to be confused with x and y in the tables and 
figures in this paper) are practically reduced in proportion to 
the dilution whereas z remains unchanged. It is because the 
outside solution becomes relatively diluted that the equilibrium 
is deflected toward a greater ingo of divalent ions. The fac- 
tors which govern this relative dilution are (1) the concentra- 
tion of acidoids and basoids and (2) the concentration (z) 
of the ions dissociated by the colloid. The concentration of 
the displaced ions in the outside solution as compared to the 
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Table 5. 

The approximate theoretical displacement of H and OH 
ions at various concentrations of an iinsat u r a ted. soil 
whose acidoid = hasoid = (a) 100, (b) 10 and (c) 1 m.e. per 
liter, by neutral salts of the type M“ S'o and M'aS" when the 
activity (z) of the ions dissociated by the colloid is (I) N/1 
and (II) N/10. (Cf. formula (9) and (10) and fig. 10). 


Activity in the inside solution 

Activity 

in the outside solution 

H* or OH' 1 M* or M' ' 

H* or OH' 

M' or S' 

M- ■ or S" 

1 S' or S" 



% 

n. n. 

n. 

n. 

n. 


(I a) = 100 Tu.e./l., z = N/l. 


.9 

.1 

.01 1 

.0011 

1.23 X 10—5 

.8 

.3 

.02 

.0050 

1.2.5 X 10-i 

.6 

,4 

,04 

.0266 

.00178 

.5 

.5 

.05 

.0500 

.005 

.4 

.6 

.06 

.0900 

.0185 

.2 

.8 

.08 

.6200 

oc 

.1 

.9 

.09 

.8100 

.729 


(n>) = 10 ni.e./L, z = N/l. 

.9 

.8 

etc. 

.1 1 .001 

.2 j .002 

.00011 

.00050 

1.23 X 10-7 
1.25 X 10-C 

(I c) = 1 ni.e./L, z = N,T. 

.9 

.8 

etc. 

.1 

.2 

.0001 

.0002 

.000011 

.000050 

1.23 X lO-i) 
1.25 X 10-8 

JIa) = 100 z = N.'IO. 

.09 

.08 

etc. 

.01 

.02 

.01 

.02 

.0011 

.0050 

1.23 X 10-i 
1.2.5 X 10-!i 

(II b) = 10 lu.e./l., z = N/10. 

; .09 

.08 

etc. 

1 

.01 

.02 

.001 

.002 

.00011 

.00050 

1.23 X 10—8 
1.25 X 10-5 

(II(;)= 1 m.e./l., _z = N/l0. 


i .09 

i .08 

etc. 

.01 

.02 

.0001 

.0002 

.000011 

.000050 

1.23 X 10-8 
1.25 X 10-7 


Corrc^n¥ra^/on oF c/isp/c7cea/ H arrd OH /ons 


The pH and the amphoteric behavior of soils 


23 



Fig, 10, The maxima in exchange alkalinity and exchange acidity in solu- 
tions of salts of the types M'^S" and M* * S'^ as related to the concentration 
of colloid (a, h and c) and to the concentration z of the ions dissociated by 
the colloid (I and II) as based on table 5. 
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coneeiitratioii of the inside solution will be lower (1) the lower 
the concentration of the colloid (in terms of acidoids and 
basoids) and (2) the greater the concentration (z) of the dis- 
sociated ions. The more dilute the suspension of a soil and 
the higher the value of z the lower must be the concentration 
at which the valence effect will be most pronounced and the 
lower, therefore, the concentration at which maxima in ex- 
change acidity and exchange alkalinity will occur. 

The approximate relationship is brought out in table 5 and 
in fig. 10. The calculated concentrations (activities) are ap- 
proximations in so far that we have put the inside concentra- 
tion equal to a constant (== z) and ignored the concentration 
of the free electrolyte (= y in equation 13). This does not 
involve any serious error as long as the values of x and y 
are small compared with z, but where the outside concentration 
(x) approaches that of the inside (y + z) as in II a table 5 and 
fig. 10 the results become misleading. With this exception 
the results are sufficiently accurate to bring out the true 
relationship. 

The calculations apply to an unsaturated amphoteric soil 
whose acidoid/basoid ratio == 1 and which is assumed to be 
present in the concentrations of 100, 10 and 1 milliequivalents 
per liter, the values of z being in one case (I) put equal to 
N/1 and in the other (II) to N/10. 

The assumption of a complete dissociation of the acidoid 
and basoid as well as of their saloids makes the concentration 
of the displaced EL and OH ions very large. But this need 
not disturb us for we are here not concerned with the true 
concentrations of the displaced H and OH ions but with the 
relative proportions of the displaced ions. 

Table 5 and fig. 10 show that the maxima m in exchange 
acidity and exchange alkalinity must occur at a lower con- 
centration of the salt (i) the lower the concentration of the 
soil suspension (or the lower the- colloid content of the soil) 
and (2) the higher the concentration z of the ions dissociated 
by the colloid (II a omitted). 
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The maxima in %. 10 occur approximately at the follo'wing* 
concentrations of the salts and M“SV* 


Acidoid = basoid = 

I 100 

! 10 

1 iii.e. 1 i 

z = K/l 

1 .0l?8 

; .000 io 

.000025 ' 

1 z = N/10 


j .001/9 

.00005 


These positions of the maxima, especially those at the higher 
concentrations, are somewhat lower than the true theoretical 
positions, due to the use of z instead y -f z. 

The two maxima in each pair of curves in fig. 10 occur at 
the same concentration of salt because in each system we are 
assuming an equivalence between acidoids and basoids and 
assign the same value for z to both groups. In the soil we 
might have any proportion between these factors and the 
maxima in exchange acidity and exchange alkalinity may, 
therefore, occur at different concentrations of the salts. If, 
for example, the basoid content of a system be decreased, or 
the acidoid content increased, then the maximum in exchange 
acidity will not only become greater but must also be deflected 
to a higher salt concentration whereas the maximum in ex- 
change alkalinity wfill become smaller and occur at a lower 
concentration of salt. If, on the other hand, the acidoid con- 
tent of the system be decreased, or the basoid content in- 
creased, then the effect will be the opposite. 

This is illusti'ated in fig. 11. The calculations apply to 
unsaturated soil suspensions whose acicloid/basoid ratios var}" 
between 5.0 and 0.2 and whose acidoid and basoid concentra- 
tions are put at 2 to 10 milliequivalents per liter, the value 
of z being assumed to be equal to N/T in every case. 

If we compare the curves in fig. 11 with the curves in I.b 
in fig*. 10 we note that a decrease in basoids (== increase in 
acidoid/basoid ratio) causes th.e maximum in exchange alkal- 
inity (m') to be smaller and to be deflected toward a lower 
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Fig. 11. Tlie maxima in exchange alkalinity and exchange acidity as related 
to the acidoid, basoid ratio. 


salt concentration whereas the maximnm in exchange acidity 
(ni‘) becomes larger and is deflected toward a higher concen- 
tration of salt. (Cf, curves in fig. 11a and b.) A decrease 
in acidoids (= decrease in acidoid/basoid ratio) has the opposite 
effect, (Cf. curves in fig. 11 c and d.) 

The maxima in exchange alkalinity in solution M’gS"' and 
in exchange acidity in solution M-’S'g occur, in the diflPerent 
proportions of acidoid to basoid, approximately at the follow- 
ing equilibrium concentrations of the salts: 





The pH and the amphoteric behavior of soils 


27 


i Fig. 

1 11 b 

11 a I 

! 

101b : 

11 C 

11 d ; 

Acidoid m.e./i. 

10 

10 1 

10 ; 

5 

2 ■ 

i Basoid « » 

2 

5 ! 

1 

10 ' 

10 

10 

n. 

.000016 

1 ! 

1 .00010 1 

.00045 1 

1 .00135 

X 

1 M* ' S'^ 

; 00 

1 .00185 

.00045 

.00010 

.000016 


We shall now present our experimental data and show how 
we have applied the principles to a study of soil profiles. 


Experimental, 

For a systematic study of the application of the above 
principles to amphoteric soils we selected the following ma- 
terials : 

(1) Soil and three subsoils of a ferruginous laterite from 
Las Mesas plateau, Mayaguez, Puerto Eico. This is the same 
soil previously studied by Mattson and Gustafsson (1935) 
and which was kindly sent us by Dr, J. A. Bonnet, chief of 
the Division of Soils at the Insular Experiment station, Eio 
Piedras. The four samples, which we shall call Las Mesas, 
were taken at the following depths: I = 0 — 12'^ II = 13 — 2S'\ 
III = 26 — 38" and TV = 43 — 58". Only samples I and IV 
have been titrated. 

(2) Selected samples from a collection of 190 samples from 
a hydrologic podzol series of profiles taken in a 5 meter long 
trench which was dug from a wet depression into an adjoin- 
ing hill of fine sandy material covering every transition from 
a peat podzol to the dry type of iron podzol. This series 
which is taken near the south end of lake Unden in the pro- 
vince of Vastergotland is the object of an extensive investiga- 
tion (Mattson & LonneM'ARk: 1939). The profile series is ex- 
pressed in the form of coordinate values of x and y, x = 0 cm. 
representing the wet end and x = 500 cm. the dry end of the 
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series whereas t gives tlie depth of the sample below a hori- 
zontal line originating at the surface of the ground at the 
upper (dry) end of the series. 

For our present work we selected three of the fifteen pro- 
files included in the work of Mattson and Lonnemakk viz. 
X — 0 , X == 280 and x = 500 cm. From these three profiles 
we selected a horizontal series by taking the most strongly 
basoid sample in the B horizon of each profile. (Cf. fig. 24.) 
The titrations which required a considerable amount of ma- 
terial had to be made on a collection of large samples from 
a separate profile dug at a point x == 400 cm. The following 
samples were titrated: B2 — 27 — 35 cm., B3 = 37 — 42 cm., 
B4 = 50 — 55 cm., B5 •= 80 — 85 cm. (Cf. fig. 15 — 19.) 

Previous attempts to study the pH of laterites in different 
solutions b}’ the quinhy drone and hydrogen electrodes have 
been unsuccessful but the possession of a glass electrode has 
apparently removed all difficulties. The laterites are particul- 
arly suitable for this kind of study, due to their high equi- 
ionic points which allow an extensive adsorption of anions 
before any appreciable dissolution of A1 and Fe takes place. 
(Such dissolution causes the exchange acidit}^ of a strong solu- 
tion to appear greater than that of a dilute solution even 
where the reverse is true.) 

Most laterites and all samples from the podzol B horizon 
are as good as completely nnsaturated and need not be electro- 
dialysed. The Las Mesas subsoil contained practically no dialyse- 
able bases but a not inappreciable quantity of SO^ was pre- 
sent. This anion sits so tight that it becomes dialjseable 
only after the soil is made alkaline by ammonia. In the fol- 
lowing experiment all samples were used in their natural 
condition. 

Titration curves and the amphoteric points of soils. 

Figures 12 and 13 give the titration curves of the Las 
Mesas I and IV in water, in N/1 and in N/lOO Na^SO^. 
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Without an application of the mass law and the valence effect 
as expressed by the Doiinan equation these curves would, with 
respect to their intersections and relative position, be impos- 
sible to explain. But on the basis of the theory, as here de- 
veloped, the explanation presents itself in the form of an al- 
most perfect reproduction of the theoretical curves. Since 
the theoretical curves were constructed before the titrations 
were carried out we were surprised to find so good an agree- 
ment between theory and experiment. 

A comparision of fig. 12 with fig. 6 and of fig. 13 wdth 
fig. 8 leaves no doubt as to the meaning of the relative posi- 
tion of the experimental curves: In Las Mesas I (surface soil) 
the activities of the acidoid and basoid groups are more nearly 
balanced, due to the presence of humus acidoids and to the 
less active (more dehydrated and aged) sesqni oxides, whereas 
in Las Mesas IV the activity of the basoid groups is far in 
excess. The result is that, in Las Mesas I, the exchange al- 
kalinity in the N/lOO lsra 2 S 04 solution is greater than in the 
N/1 solution, whereas in Las Mesas IV the exchange alka- 
linity, which is very great, increases with increasing concen- 
tration. 

Because of its strong basoid character the Las Mesas IV 
ought to show the valence effect by yielding a greater ex- 
change acidity in a dilute than in a concentrated solution of a 
salt of the type M* ‘ A preliminary experiment with BaCl^ 
(cf. fig. 20, 0 % humus) gave a maximum in exchange acidity 
in a WIO solution. The Las Mesas IV was therefore titrated 
in water and in N/IO and N/1 BaClg with the results shown 
ill fig. 14. 

It will be noted that fig. 14 is an approximate counterpart 
to fig% 6 in the inverted position. This points to an approx- 
imate equivalence between the acidoids and basoids whereas, 
the reaction with the sulphate points to a great excess of ba- 
soids. On the basis of the behavior of the soil in the sul- 
phate solution we should expect fig. 14 to resemble fig. 4 in 
the inverted position, that is, the Las Mesas IV ought to yield 
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Fig. 12 and 18. The titration of the Las Mesas laterite. 

an exchange acidity in the dilute and an exchange alkalinity 
in the concentrated BaCIs solution. 

This anomaly in behavior we ascribe to the SO 4 ions which 
is present in the exchangeable form to the extent of 4.6 m.e. 
per 100 grams. These ions are, of course, precipitated by the 


The pH and the amphoteric behavior of soils 


31 



Ba ions leading to a substitntion of SO4 for Ci ions. The 
monovalent Cl ions have a lower displacing power than the 
SO4 ions. The place of the latter in the basoid complex will 
therefore be taken by OH as well as by Cl ions, and this 
leads to an exchange acidity, produced by an extraniicellar 
reaction. 

The presence of SO4 in the laterite demands the use of 
CaClg instead of BaCl2 if this extra-micellar reaction is to be 
avoided. But we bad obtained better maxima in exchange 
acidity with Ba than with Ca ions and since the laterite 
yielded a pronounced maximum in BaCL (N/10) we decided to 
use this salt even for this soil. We find the anomaly in- 
structive and we shall later (cf. fig. 24 ) show evidence in sup- 
port of our interpretation. 
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Tlie anipLoteric points of the three laterite samples in the 
solutions emplojed are as follows: 


Fig. 

Sample 

iSalt 



Es'' 

Ex' 

Ex" 

Ex'" 

12 

Las Mesas I 


i 4.86 

0.12 ' 

. 4.90 

5.47 

4.94 

4.35 

; 1:3 

Las Mesas IV 

- 

5.3:^ i 

6.04 

6.33 

7.37 

7.16 

7.08 

14 

Las Mesas I V i 

Eaei .3 

5.33 

4.55 I 

5.03 

3.87 

4.68 

6.43 


It is interesting to note that the points of exchange neu- 
trality of Las Mesas IV in Na^SO^ all occur above pH 7. 

figures 15 to 18 show the titration in water and in N/lOO 
and N/l of the Bg, Bg, B^ and B5 samples of the 

Unden podzol (x = 400). 

It will be noted that the activity of the basoid group de- 
creases and that of the acidoid group increases (at least rela- 
tively) as we go from the Bg to the B5 horizon. Thus while 
the Bo sample yields an exchange alkalinity (in the unsaturated 
condition) in the N/1 as well as in the N/lOO solution, the 
Bg sample yields an exchange alkalinity only in the N/lOO 
solution and the B4 and B5 samples yield exchange acidity in 
both concentrations of the salt. 

A comparision with the theoretical curves will show that 
fig. 15 resembles fig. 6 and that fig. 16 resembles fig. 5 with 
respect to the relative position of the amphoteric points. The 
titration curves of B4 and B5 have no theoretical counterpai't 
among fig. 4 to 8, From the large amount of exchange al- 
kalinity developed by these samples on the acid side of the 
points of exchange neutrality we know that they possess a 
considerable quantity of basoids. Why then does not the 
valence effect show itseK here as in the case of the other 
samples by yielding an exchange alkalinity in the » dilute » 
solution? 

The answer to this question is, as will be shown later, that 
the ^>dilute» solution was not dilute enough. The maximum 
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effect of the valence occurs here, where the basoid groups are 
relatively weak, at a lower concentration than N;’i00 Na^,S 04 
(cf. fig*. 19). 

The amphoteric points of the four podzol samples in the 
solutions employed are as follows: 


Fig- 

Samide 

K 

K' \ 

Es” 

E.' 

E.» 

Ex- 

i 

15 

Ba I 

5.01 

i 5.41 

5,15 

7.71 

5.46 

: -1.93 

16 

Ba ' 

4.91 1 

5.13 1 

4.79 

5.50 

4.75 

4.68 

i 

B, : 

4.70 

4.05 i 

4.45 

4.55 

4.39 

; 4.38 : 

oo 

i i 

4.70 

4.50 

4.1i5 

4.15 

1 4.15 

' 4.15 ; 


A great deal of work has been done to determine the various 
factors which influence the pH of the soil such as dilution, 
concentration of salt etc. In view of the above relationships 
we can readily appreciate ^vhy so little progress has been made. 
It is obvious that the soil reaction is so intimately related to 
the amphoteric nature of the soil complex and to the Donimii 
equilibrium that no student who does not ambrace these ideas 
can hope to solve its problems. The fact that some of the 
Eg' values are higher and some lower than the E^ values and 
that the Ex' values vary between 4.15 and 7.71 in samples from 
the same soil profile could never be accounted for without 
the theory as here presented. The attempt by Mattsox and 
Gustafssoi7 to relate the point of exchange neutrality to the 
point of zero, net base saturation (base forming cations minus 
acid anions) will apparently fail since these points are vari- 
ables related to other, indeterminable variables. 


The maxima in exchange acidity and alkalinity. 

Eig. 19 gives the pH in water and in various concentrations 
of BaCla and of the four Enden podzol samples shown 

in fig. 15 — IP. 

3 — >39498. Lantbrukshogskolana Annaler, Vo'. 8. 
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5 and 16. The titration of the B samples of the Dndeu podzol profile 400 
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The j!' ^lw«gc alkalhuty and exehange aridity in the 

n iion/ons of the linden profile 4()(). 


The following facts are of interest in connection 
1 • 


WITH tne 


theory : 

1. The exchange alkalinity in Na,SO„ which is greatest in 
Bo decreases with an increase in exchange acidity in Bad, 
which IS greatest in Bg. . " 

defleehfd alkalinity is decreased its maximum is 

deflected toward a lower concentration of salt (from an initial 
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'ig. 20. The influence of linmns on the exchange reactions of the Las 
Mesas laterite subsoil. 
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concentration of about N/lOO in B., to N/IOOO, or less, in B5). 
At tlie same time the maximum in exchange acidity is de- 
flected toward a higher concentration of salt. 

This is in agreement with the theory as illustrated in 
fig. 10 I b and fig. 11 a and b. It is obvious that when the 
acidoids greatly exceed the basoids the exchange alkalinity 
must reach a vanishing point at very low concentration of 
salt, and that the exchange acidity must assume a maximum 
in the most concentrated solution, exactly as shown in the 
figures. 

We can now understand why we found no theoretical 
counterpart to fig. 17 and 18. Had we titrated the and 
B5 sani^des in N/1000 instead of N/lOO ISTaaSO^ we would have 
obtained a relative position of the curves similar to fig. 4. 
The » dilutes solution in fig. 17 and 18 was not dilute enough 
to show a maximum of the valence effect. 

The decrease in exchange acidity of in NagSO^t above 
N/10 we are unable to explain unless it can be ascribed to 
abnormal changes in the activity coefficients of the various 
ions at high concentrations in the inside solution. (An ab- 
normal decrease in the activity coefficient of the SO4 ions or 
an increase of that of the ISTa ions in the inside solution would 
account for the phenomenon.) 

The influence of humus. The differences in amphoteric be- 
havior between Las Mesas I and IV is to a large extent 
ascribed to humus acidoids. A systematic study of the in- 
fluence of humus upon the reactions of the laterite was made 
by adding 2.6, 5.0 and lO.o percent of humus acicloid (obtained 
by extracting peat with NaOH, precipitating with H2SO4 and 
electrodialysing the precipitate until free from acid) to the 
Las Mesas IV and then detei’mining the pH in water and in 
increasing concentrations of N’a2S04 and BaClg. The results 
are shown in fig. 20. 

Compared with the sample to which no humus was added w^e 
note the following: 
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L The pH ill water is lowered by the humus. 

2. The exchaiii>'e alkalinity in Na^SO.! reduced and this 
reduction is much greater in the concentrated (N/1) soliv 
tioii which yields an exchange acidity with 5 and 10 
percent humus. This gives rise to pronounced maxima 
in exchange alkalinity in the dilute solutions (between 
n/lOO and n/10 initial concentration). 

S. The exchange acidity in BaClg is increased and this in- 
crease is greater in the concentrated solution (N/1) so 
that the maxima in dilute solutions (about N/10) become 
less pronounced and finally vanish (with 10 percent 
humus). 

That this is all in agreement with the theory is best shown 
in fig. 21 in which the exchange alkalinities and exchange 
acidities are plotted against the salt concentration in analogy 
to fig, 9, 

It will be noted that the curves in fig. 21 are »deformed» 
toward the lower right side. This is doubtless, in part, due 
to the SO., ions present in the laterite. The precipitation of 
these ions as BaSO._, leads to an additional exchange acidity, 
as above explained. This causes the maximum in exchange 
acidity to occur at a higher concentration of salt (about N/IO) 
than would be the case in the absence of the SO4 ions. The 
» deformation » of the curves may also, in part, be an expres- 
sion of tlie aforementioned dissolution and hydrolysis of the 
compound formed by the anions with the basoid groups thus 
changing the exchange alkalinity to an exchange acidity. In 
laterites having liigh equi-ionic points this effect is small 

It should be pointed out that since our salt concentrations 
express the initial (not the end) concentrations the curves do 
not represent the exact equilibrium conditions. The maxima 
occur in reality at a somewhat lower concentration than shown 
in the figures. Since this deviation is different for the dif- 
ferent ions as well as for dift'erences in the composition of 
the complex this will also affect the form and relative posi- 
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tion of the curves. A comparison of fig*. 9 and 21 leaves, 
nevertheless, no doubt as to the application of the theory. 

It sbotiid also be pointed out that the maxima in fig. 21 
should, in reality, not occur at one and the same coiicentra 
tion of salt as in fig*. 9, which is based on a single » dilute » 
concentration, but should be deflected as explained in connec- 
tion with fig. 11 and 19. The fact that this deflection is not 
in evidence in fig. 20 and 21 , with respect to the maxima in 
exchange alkalinity, leads us to add a few more words con- 
cerning this experiment. 

In fig. 20 and 21 there is no reduction in the exchange 
alkalinity beyond the two first additions of humus (2.5 and 5 
percent) and there is no visible deflection of these maxima in 
the direction of a lower concentration of salt. 

We consider this to be significant and to be an expression 
of the condition of the mixture. The hiunus acidoid was 
added to the soil in the form of a gel. It seems obvious 
that, in spite of the shaking, the relatively large particles of 
the humus could not enter the smallest capillaries of the 
laterite but could merely interact with the basoid groups 
situated on the surface. Only the first additions of humus, 
which » neutralized » these outer grops, had, therefore, any 
effect on the basoid activity. The basoid groups in the interior 
were left free to interact with the SO 4 ions. It is obviously 
possible for a system to contain free acidoids and basoid 
groups of any strenght as long as these groups are prevented 
from interacting. This fact may have important applications 
because it is theoretically possible to remove practically all 
the anions and cations from a solution by alternatingly pas- 
sing it through an acidoid and a basoid. 

If, in the above experiment, we had used Wa-luimate instead 
of the humus acidoid (and electrodialj^sed the mixture) we 
would undoubtedly have obtained a different picture although 
the acidoid-basoid mass ratio would have been the same. 

Besides the vertical series from the B horizons of the Unden 
podzol profile x = 400, we have, as already stated, selected a 
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liorizontal series by taking the most strongly basoid sample 
(cf* fig. 24) from three of Unden series of profiles. 

Pig, 22 gives the pH in water and in different concentra- 
tions of Na^SO.! and BaCl^. Sample x = 500 (y = 30) comes 
from the dry end of tlie profile series and is the most strongly 
basoid of all. With a loss on ignition of only 1.47 percent 
this samples yields air exchange alkalinity with all bnt the 
dilute solutions of BaCl^. The nearest theoretical counterpart 
is found in fig. lid. 
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Fig. 22. The exchiiDge reactions of the most }>asoid samples ((*,1'. fig, 21) 
from three of the Iliulen profiles. 

Sample x = 280 (y = 90), with its 2.03 percent loss on igni- 
tion is somewhat less strongly basoid, but even this sample 
yields a slight exchange alkalinity in N/1 BaClj,. The nearest 
theoretical counterpart is found in fig. lie. 

Sample x == 0 (y = 160) with 6.49 percent loss on ignition 
yields curves which seem difficult to interpret. It should be 
pointed out that this sample comes from the wet end of the 
profile series and represents apparently gleyed material. The 
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low pH. niiglit be another factor. The sample possesses appar- 
ently a fairly strong basoid group in spite of the high humus 
content but before the samples have been analysed it is im- 
possible to say what specific influence may be present, 

IjaHtJuDinnL The influence of the tri valent La ion was 
studied in two of the Unden samples (cf, fig. 19 and 22). We 
note that the La ion tends to deflect the maximum in ex- 
change acidity toward a lower concentration of salt as com- 
pared to the effect of the divalent Ba ions (cf. fig. 22). This 
is what the theory demands. But LaCljj does not yield any 
exchange alkalinity where BaCl^ does (fig. 22). With a inin- 
iiniim in exchange acidity at n/10 the La yields a marked 
increase in exchange acidity in high concentrations, a tendency 
which, to a lesser degree, is also manifested by Ba in several 
of the samples. For this behavior we offer two explanations: 

1. In high concentrations the activity coefficient of di- 
valent and, to a still higher degree, of the trivalent ions in 
the micellar (inside) solution suffers an »abnormal» suppression. 

2. The Ba and, to a still higher degree, the La ions dis- 
place A1 ions which . at low pH enter into the cationic ex- 
change. The acidity is then developed through hydrolysis. 

Tlie influence of the concentration of the colloid. 

Having shown how variations in the acidoid/basoid activity 
ratio affect the maxima in exchange acidity and exchange 
alkalinity it remains to show how variations in the concentra- 
tion of the colloid affect these maxima when the acidoid/ 
basoid ratio remains the same. 

According to fig. 10 an increase in concentration shonld 
deflect the maxima toward a higher concentration of salt. 
Fig. 23 shows the exchange alkalinities in various concentra- 
tions of Na 2 S 04 of the B^ sample of the Uiiden profile 400 
in the proportions of 6, 12 and 20 grams of soil to 20 cc. 
solution. 
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Fig. 23. The influence of tlie concentration 
of the soil suspension on the maximum in 
exchange alkalinity. 


The curves show that 
an increase in the con- 
centration of the soil re- 
sults in (1) an increase 
in exchange alkalinity 
and (2) a deflection of 
the maximum toward a 
higher concentration of 
salt. 

We note further that 
the right legs of the 
curves become steeper 
with increasing amount 
of soil. This is because 
the counter action (ex- 
change acidity) of the Na 
ions is less effective in 
the dilute suspension as 
a result of dilution which 
opposes the lowering and 
favors the elevation of 
the pH. 

The maximum in ex- 
change alkalinity in a 
dilute suspension should 
be smaller than the ex- 
change alkalinity of a: 
more concentrated sus- 
pension at the corres- 
ponding concentration of 
the salt solution. This 
is true for the 12:20—" 
20 : 20 pair but, for some 
reason, not for the G : 20 
— 12 : 20 pair of systems. 

With this exception 
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the results are in perfect agreement with the theory and yield 
information which, if it conld be quantitatively interpreted, 
would be of very great importance, for we should then be 
able to determine the quantity of colloid in a soil merely by 
means of a few simple pH determinations. But even the 
qualitative results which the method yields will lend them- 
selve to important applications. 

Application to soil profiles. 

Having established the factors which govern the amphoteric 
reactions of soils we are in a position to reciprocate and by 
means of these reactions, i. e., the pH, determine qualitatively 
and, in a comparative sense, quantitatively, these factors. 

We are here presenting the results of the application of 
the method to three of the Unden profiles and to the Las 
Mesas laterite. 

JFig, 24 gives the difference between the pH of the soil in 
water and its pH in N/lOO Na 2 S 04 and BaCl^ solutions at 
different dephts of the profiles. These differences express the 
exchange acidity (positive values) and exchange alkalinity 
(negative values) of the soil materials. 

Since the samples have not yet been analysed it is too early 
to attempt a detailed discussion of the results. In the case 
of the podziol profiles we shall merely call the readers atten- 
tion to the maximum in exchange alkalinity in the upper B 
horijson. This maximum expresses a high basoid activity re- 
sulting from the isoelectric precipitation of the cationic sol 
complex which has come from the A horizon. Then there is 
another maximum in the gley horizon (G) due to accumulation 
of ferric hydroxide formed by the oxidation of soluble ferrous 
compoxinds. 

This method which is based upon a determination of the 
activities of the acidoid and basoid groups (as distinguished 
from the analytical determination of the quantities of acidoid 
and basoid materials) offers a simple, direct and scientific ex- 
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pressioii foi^ tlie podzolization of a soil. (For a complete report 
on the work on the Unden series cf. Mattson and Lonnemark). 

The samples of the laterite used in this experiment were 
electrodialjsed to remove the displaceable SO.^ ions which were 
present in small but considerable amounts in the II, III and 
IV samples. Sample I contained very little SO^^ but contarned, 
on the other hand, appreciable quantities of Ca ions of which 
the other samples contained mere traces. 

The pH of the electrodialjsed samples (the ultimate pH) in 
water and in N/lOO and N/1 !N’a 2 S 04 and BaCL, are ^iven in 
table 6 . These values represent the average of duplicate de- 
terminations with the glass electrode which gave very good 
results. On the basis of these values the basoid activity is 
greatest in sample II whereas the acidoid activity is greatest 
in sample I, which contains considerable humus acidoids. 

The ditferences between the pH values in water and in the 
salt solutions are shown graphically in fig. 24. We get here 
a different picture from that of the podzol profiles. The 
characteristic maxima and minima in the podzols are absent 
in the laterita. The exchange alkalinity of the laterite in the 
sulphate solutions is lowest in the surface soil and attains a 
uniform high value in all the subsoil samples. The exchange 
acidity in BaCIj) ought to be greater in sample I than in the 
three subsoil samples. The fact that this is not the case must 
be ascribed to the SO 4 ions which, in spite of a ])rolonged 
eleetrodialysis (one week), still remained in samples II, III 
and IV, as was shown by extracting the soil with a hot aim 
moniacal solution of NH^Cl. Since these subsoil samples 
yielded a still greater exchange acidity before being electro- 
dialysed we conclude that the exchange acidities of these 
samples are still » abnormally;) high whereas the excliange 
acidity of sample I more nearly expresses the true amphoteric 
nature of the soil complex. 

Another significant thing in fig. 24 (cf. Las Mesas) is the 
fact that the exchange alkalinity is greater in Wl than in 
N/lOO HaSO^ and that the exchange acidity is greater in N/lOO 
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Fi^. 24. The difference ])etwee.n the pH in water and. in the salt solutions 
of the Las Mesas laterite and of three of the Unden podzol profiles. Nega- 
tive values = exchanges alkalinity. Positive values = exchange acidity. 
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Table 6. 

The loss on ignition and the pH of the electrodialysed 
Las Mesas laterite in water and in salt solutions. 


Sam|)le 

Depth 

ill 

iiicbes 

Percent 
loss on 
ignition 

TT ■ 1 

]>H in: 

water 

N; 100 
Na,,S 04 

N/l 

NasSOj 

1S7100 

BaCL^ 

N/1 

BaCl. 

I 

0—12 

18.53 

4.25 

4.63 

4.33 

3.70 

3.72 

ir 

12—23 

16.52 

6.11 

6.60 

6.79 

5.20 

5.54 

III 

26—38 

15.89 

5.60 

6.21 

0.33 

4.85 

5.20 

IV 

1 

43—08 

16.75 

5.79 

6.51 

6.61 

5.12 

6.50 


than in N/1 BaCU in samples II, III and IV. This tells ns 
that the basoid groups are very strongs in these samples; so 
strong that (1) the effect of the SO4 ions remains stronger 
than that of the Na ions even in high concentrations and 
that (2) the effect of the Cl ions becomes^ in high concentra- 
tions, greater than that of the Ba ions. In sample I the 
acidoid gronp is sufficiently strong to make the effect of the 
Na ions outweigh that of the SO4 ions in high concentrations. 
The same tendency is shown with respect to the Ba and 01 
ions. 

Other applications. 

It has been pointed out that theoretically it would be pos- 
sible to remove practically all the anions and cations from 
a solution by passing it through alternate layers, or a coarse 
mixture, of acidoids and basoids. In order to find out to what 
extent this is possible in the case of soil acidoids and basoids 
we performed the following experiment: 

Twenty grams of electrodialysed raw humus and fifty grams 
of Las Mesas II were separately moistened (to prevent intimate 
mixing and mutual interaction) with N/lOO CaS04 and then 
lightly mixed and placed in a tall glass funnel. The mixture 
was then leached with the CaSO^ solution with the result that 
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neitlier the first, second, third or fourth 50 cc of the filtrate 
showed any trace of Ca or SO^ ions. A special study of this 
problem is planned. 

The Boiinan distribution of ions in the soil has maiyy other 
important consequences. Consider, for example, the effect of 
a concentration and a dilution of the soil solution on the 
mobility of the mono and divalent ions. A dilution favors 
the ingo (in the soil complex and in the roots of plants) of 
the divalent and the outgo (in the soil solution) of the mono- 
valent ions. A concentration reverses the process. One might 
say that acidoids and basoids » inhale » divalent and » exhale » 
monovalent cations and anions, respectively, upon wetting and 
» inhale » monovalent and » exhale » divalent cations and anions 
upon drying. 

The » dilution effecU on alkali soils observed by Eaton and 
SoKOLOFF (1935), and by Kelley (1939) is obviously an ex- 
pression of such an ionic » respiration » ; of a readjustment of 
an equilibrium, between ions of different valence, which has 
been disturbed through a change in concentration in the out- 
side solution. Eaton and Sokoloff found that: ‘^The cmiomit 
of sodium^ hath relative and absolute^ in the aqueous jphase fends 
to inereasc as the water-soil ratio is increased^ udiereas the 
relative concentration of calcium (and magnesium in some cases) 
tends to decrease. The absolute amount of calcium in solution 
■rnajf remai)i unchconjed or tend to increase ivith dilution when 
soils contain an excess of sparingly soluble salts such as CaCO,^ 
and 

This » (JaCO,^ ejfeet», which tends to obscure the valence effect, 
is very significant from the point of view of reclamation of 
calcareous alkali soils. In a noncalcareous alkali soil the 
dilution (or leaching) effect would not be very great because 
the mobile Ca ions would soon be exhausted. In a calcareous 
soil the Ca reserve is great and since »the energy of adsorp- 
tion » of the Ca ions is greater than that of the Ka ions (in 
dilute solution), the low solubility of CaCO.^ is here an obvious 
asset: it allows the soil complex to take a »deep and prolonged 

4—39498. LantbruksJiogskolans Annaler. Vol. 8. 
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breath » of Ca ions when the soil is leached, even when the 
irrigation water contains a few milliequivalents of alkali salts 
per liter. 

Since a leached soil means a dilute soil solution we can 
readily understand why, in the humid soils, the divalent base 
forming* cations are present in the exchange complex in a 
greater proportion than in the original silicate rocks and in 
the soil solution. 

As to the dilution effect on the anions, that will depend on 
the amphoteric nature of the soil and on the pH at which 
the analysis is made. High above the equi-ioiiic point the 
anions are negatively adsorbed (y < s: in equations 11 and 12). 
At lower pH at which the basoids are in function the anions 
are positively adsorbed (y + z > x) and the dilution effect, 
with respect to the valence, will be the same as for the cations 
at high pH, provided there is no hydrolysis and no solution 
effect (CaS 04 etc,). The investigator must know the ampho- 
teric character of his soil, its equi-ionic point, the pH at which 
he is working, the volume of the micellar solution and many 
other things before he can, even qualitatively, interpret his 
results. 

Conclusion. 

The dilution eft’ect leads Kelley to the noteworthy conclusion 
that »there is no such thing as a definite or true soil solution». 
This statement emphasizes the dynamic character of the soil 
which is subject to constant changes in response to its en- 
vironment. The truth of the statement is best realized when 
we consider that hand in hand with the redistribution of the 
ions, resulting from changes in concentration, there are changes 
in P. D., changes in the osmotic and electrical transfer of water 
(swelling and shxdnking), changes in dispersion and Brownian 
mobility and many other changes. The amphoteric character 
of the complex and the conception of an amphoteric ion atmos- 
phere make the picture more complex Clusters or » clouds » 
of ions of opposite sign of charge, Brownian bombardments, 
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cliarges and discharges must give rise to a turbulence com- 
parable to the electrical storms in our terrestrial atmosphere. 

There is perhaps nothing which better testifies to the in- 
constancy of soil factors than the pH and the capacity to 
bind base. Kelley might have included in his statement that 
there is no such thing as a definite or true soil pH nor any 
definite or true soil capacity to hind base (or acid). Apart from 
the changes in the activity coefficients with changes in the 
ionic strenght of a solution, common to all electrolytes, we 
meet, in the case of colloidal electrolytes, with the peculiar 
conditions of an unequal distribution of ions. This distribution 
is affected by salts in such a way that the pH of a soil can 
be both higher and lower in solutions of different concentra- 
tions of the same salt than the pH of the soil in water. As 
to the capacity to bind base at a given pH we know from 
our titration curves that this capacity will be different in 
different solutions. Above the point of exchange neutrality 
of two concentrations the capacity will be greater in the 
stronger solution, whereas below this point it will be greater 
in the dilute solution. 

Since the pH of a given soil at a given base status is a 
function of the concentration and composition of the soil 
solution and since the net capacity of the soil to bind base 
at a given pH is an expression of the power of the base 
forming cations to displace the H ions of the acidoids, over 
and above the power of the acid anions to displace the OH 
ions of the basoids and further, since the relative displacing 
power of ions of different valence changes with changes in 
concentration, we arrive at the conclusion that the pH^ the 
concentration and composition of the soil solution and the capacity 
of the soil to hind base at a given pH are interdependent variables. 
This conclusion may be summed up in the following statement : 
At each pF of the soil thet^eis a different soil solution, a different 
pH and a different capacity to hind base. The soil problems 
are complicated, but it has been said that is easier to find 
your way in a natural cave than in a ma7i-made labyrinth^ and 
the soil is a natural body. 
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Summary. 

The property of amphoteric soils simultaneously to cxchano-e 
H and OH ions for the cations and anions of a neutral salt 
solution at, or near the equi-ionic point of the soil, and the 
valence eflEect in the mass law (as expressed by the Donnan 
distribution of ions between the soil complex and the soil 
solution) lead to some very significant, but heretofore neglected, 
consequences. 

For the salts Na^SO^ and CaCL the following expressions 
apply: 

for acidoids: 

(H-)i _ (^)i _ 

{E')o (Na-)o V[0a--)o 

and for basoids: 

(oH')i _ (cr)i _ r(WT 

(OH')o (Olio 

where the parenthesis represents activity and i and o signify 
that the ions are in the inside and the outside solutions 
resi)ectively. 

The fact that the divalent ions enter the equation in the 
form of the square root of their activity tells us that, in low 
concentrations (in the » outside » solution) of the salt and in 
the presence of equivalent proportions of free acidoids and 
basoids, the Ca ions will displace more H ions than the Cl 
ions will displace OH ions, and that the SO4 ions will displace 
more OH ions than the Na ions will displace H ions. In 
high concentrations the displacing power of the different ions 
will approach the same value. This is all provided that none 
of the ions enter into any specific reaction. 

From this it follows that, under the above conditions, CaCl^j 
(or a salt of the type M* 'S'g) must yield a maximum in 
exchange acidity in dilute solutions and that NaaSO^jt (or a 
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salt of the t3^pe M’oS'') must yield a maximum in exchangee 
alkalinity in dilute solutions, 

A theoretical study has been made of the various factors 
which determine the position and magnitude of these maxima 
such as the aeidoid: basoid ratio, the concentration of colloid 
and the concentration of the ions in the micellar solutiom 

By means of titrations and pH determinations of different 
soils in various cozicentrations of salts it has been possible 
to prove the application of the theory. 
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The decomposition of the organic compounds 
in barnyard manure. 

By N. BENGT8S0N and CHR. BARTHEL. 

From the Institute of Microbiology. 

As regards the decomposition of barnyard manure in arable 
soil the mineralization of the protein nitrogen is of the greatest 
interest from a practical point of view. We have studied this 
problem in a long series of investigations (Babthel 1917, 
Barthel & Bengtsson 1918, 1920, 1924, 1926, 1930, 1931a, 
1931 &, 1934, 1939, Bengtsson 1932, Bengtsson & Barthel 
1935). This mineralization represents, however, only a part 
of a much more complicated problem which includes besides 
the decomposition of the proteins, also the decomposition 
of the other organic components of the manure, e. g. the 
cellulose, the pentosans and the lignin. We have now extended 
our investigations of manure to include a study of the decom- 
position of these three compounds and also determinations of 
the a-hunius and of the organic carbon. 

Scheme of experiments. 

The experiments were made in sand at the initial pH-values 
8 (samples I — III) and 6 (samples IV — VIII). In the former 
case the sand had been washed only with water, in the latter, 
with hydrochloric acid and water. This latter washing was 
carried out in order to reduce the rather high content of lime 
and thus to facilitate the adjustment of the lower pH-value. 
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On the basis of 100 dry sand tlie nitrogen contents were 
1.6 ing. and 0.7 mg., respectively. The reason why sand poor 
ill nitrogen instead of soil was used for the experiments was 
that an earlier investigation had shown a highly irregular 
mobilization of the soil nitrogen; with such material it is 
naturally impossible to establish the degree of nitrogen miner- 
alization in the manure added (Bengtssok & Barthel 1935). 

The manure used was obtained from cows which had been 
fed on hay, straw and concentrates; it was three months old 
and contained urine, straw and chaff. After thoroughly mixing 
and grinding of the manure the following figures were obtained: 


Water 

. . . 78.ti5 

0/ 

/o 

Ash 

. . . 3.78 

>■> 

Ammonia-N . . . 

P 

O 

oo 


Soluble . . . . 

. . . 0.1029 

» 

Nitrate- N .... 

. . . 0 


Total-N 

. . . 0.470 


Protein-N ^ . . . . 

. . . 0.390 


Lignin ^ 

. . . 3.58 


Pentosans .... 

. . 3.84 


a -Humus 

. . . 1.19 

» 

Cellulose 

. . . 5.87 


Oi’ganic carbon . . 

. . . 8.60 



The nitrogen figures for the manure were established in the 
moist manure just before the start of the experiments. Tlie 
other determinations were made at the same time on a sample 
of the manure dried at 90*^ C. and then ground in a Wiley 
mill (1 mm sieve); this sample contained 5.«sp> per cent water. 

All the samples of the experiments contained 7560 g. dry 
sand, 840 g. ground manure and 4.2 g. KH^PO^; they were 
inoculated with 120 ml. soil extract which was prepared from 

^ Determined according to the method of Griafhe (1927). 

Assumed to he eciual to the difference between total-N and ammonia-N 
values. 

^ The percentage figure represents lignotbioglycolic acid. 
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two clays with ordinaiy linmns content and with the pH- 
values 5.0 and 7.5, respectively. In addition the samples 
received; 

Sample I. No addition 

» 11 . 6.06 KNO 3 

» Iir. 12.12 » 

» IV. 252 ml. 1 N. H.SO^ 

^ » V. 3.97 g. (NHJ.SO, pins 252 ml. 1 N. H.SO, 

>.> "VI. 7.94 » » » » X' » :•) 

» VII. 6.06 KNO3 » » » :■> » > 

» VIII. 12.12 » :> » 

The amount of sulfuric acid added to samples IV — VIII 
adjusted the acidity to a pH-valne 6, as shown by separate 
experiments. The addition of potassium nitrate and ammonium 
sulfate, which corresponded approximately to one or two 
equivalents of the ammonia nitrogen in the manure, were 
made in order to establish whether the processes of decom- 
position studied could be accelerated. It may be mentioned 
that these experiments were started before the similar in- 
vestigations on the decomposition of barley stubbles and roots 
had been finished (Bengtsson 1936 a). To the alkaline samples 
II and III potassium nitrate was added; additions of am- 
monium sulfate were not made to alkaline samples because 
there was thought to be a risk that a part of the ammonia 
added could evaporate. To the acid samples V — VI 11 either 
potassium nitrate or ammonium sulfate was added, in order 
to establish whether the decomposing microorganisms would 
prefer the nitrate nitrogen, as was indicated by an earlier 
investigation on cellulose decomposition (Andebson 1925). 
The water content was adjusted to 15 per cent in all the 
samples. After thorough mixing, each sample was divided 
into 21 parts, which were put into 300 ml. glass jars. The 
jars were stoppered in a manner pi'evioiisly described (Barthel 
& Bengtsson 1939). After weighing, the jars were incubated 
at 20 — 22^^ C. When necessary, water wms added to replace 
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losses by evaporation. As both the sand washed with hydro- 
chloric acid plus water and that washed with only water 
contained small amounts of oi-ganic material, it was thought 
necessary to make up two check samples with the initial pH- 
valiies 8 and 6. These samples contained 7560 g. dry sand, 
4.2 g. KH2PO4, 120 ml. soil extract and 6.06 g. KNOg but no 
manure; the water content was 11 per cent. They were put 
into 21 glass jars, which were stoppered and incubated as 
mentioned above. The checks were analyzed for a-humus, 
lignin and organic carbon at the same times as the other 
samples; the values found were assumed to allow the correc- 
tion of the values for a-humus, lignin and organic carbon in 
the manure added to samples I — VIII. No corrections were 
necessary for cellulose and pentosans as the sand was free 
from these compounds. 

Analytical methods. 

After V4, 1, 2, 3 and 4 years two jars of each kind were 
analyzed in the following way: 

pH was determined according to the quinhydrone method. 

Total-N was determined according to the method of Davisson 
& Parsons (1919), slightly modified by us, on two 40 g. samples 
from each of the two jars. 

Ammonia-N was determined in 200 ml. extract, prepared 
from 100 g. sample and 250 ml. 0.5 N. KGl, by distillation 
with MgO (Benotsson 1924). 

Niirate-N was determined in the residue from the ammonia 
distillation according to a modified Devarda method (Bengts- 
soN 1932). 

Cellulose was determined on 40 g. samples according to the 
method proposed by Bengtsson (1925). 

Pentosans were determined on 50 g. samples according to 
the method of Eijllgren & Tyden (1929); the samples were 
first freed from nitrites and nitrates by washing with water 
(Bengtsson 1936 1). 
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Diagr. 1. The relation between the yield of lignothioglycolic acid and the 
amount of manure. Experiments made in sand Avashed with hydrochloric 
acid plus water. (Samhandet mellan uthytet av lignotioglykolsyra och pro- 
vets halt av gddsel; forsdket utfort i sand, tvattad med saltsyra och vatten). 



Diagr. 2. The relation between the yield of pentosans and the amount of 
manure. (Samhandet mellan uthytet av pentosaner och provets halt av godsel.) 


Xg, 0.999 

oc^hamos 



Diagr. S. The relation between the yield of a-humus and the amount of 
manure. (Samhandet mellan uthytet av e:-humus och provets halt av godsel.) 
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Ligmn was determined on 20 g. samples according to 
Holoiberg’s thioglycolic acid method, as modified here (Holm- 
berg 1930, 1934, 1936, Bbngtsson 1936 a). By means of this 
method the lignin is transformed into ligiiothioglycolic acid. 
Earlier investigations having shown that samples containing 
proteins will give lignothioglycolic acid preparations which 
contain nitrogen (Bengtssor 1936 a, 1938), we have now 
considered it necessary to determine this nitrogen content; 



Diagr. 4, The relation between the yield of lignothioglycolic acid and the 
amount of manure. Experiments made in sand washed only with water. 
oSamhandet mellan uthytet av lignotioglykolsyra och provets halt av godsel; 
forsoket utfort i sand, tviittad endast med vatten.) 

however on the samples taken after 3 months no determinations 
were made. The nitrogen determinations were made on ligno- 
thioglycolic acid preparations from duplicate 20 g. samples. 

Organic 0 was determined on 20 g, samples according to 
the method of Simon & Guillatjmin-Balks (1923, 1925); the 
carbon dioxide obtained was determined gravimetrically. 

a-Humus was determined on 20 g. samples according to 
Waksman’s method (1926), somewhat modified by ns; only 
one extraction with alkali was made. 

The methods for the determination of lignin, pentosans and 
a-hnmns were controlled on increasing amounts of manure 
mixed with dry sand. Eor these controls dried manure with 
5.8S per cent water was used (p. 56); in the case of the deter- 
mioatioii of pentosans the amount ,of sand used was 41.5 g., 
in the two other cases 16.6 g. sand were used. The results 
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are presented in diagrams 1—3, where the ordinates represent 
iiig*. of ligiiothioglycolic acid, pentosans and a-hnmns, deter- 
iiiiiied respectively and the abscissas the amounts of inannre 
used, expressed in per cent of the standard amounts of dried 
manure. The diagrams show that the three functions studied 
are linear. The experiments just mentioned were made with sand 
washed with hydrochloric acid plus water. With sand washed 
only with water very nearly the same diagrams for pentosans 
and a-humns were obtained whereas the lignin determinations 
with this sand gave a diagram (diagr. 4) with a considerable 
larger value than that of diagr. 1. The fact that sand 

X 

can influence the yield of lignothioglycolic acid has been found 
in an earlier investigation (Bengtsson 1936 a). 

Results. 

The initial values are reported in table 1 and the results 
after V 4 , 1, 2, 3 and 4 years in tables 2 — 6. The figures for 
total nitrogen are based upon the results from four deter- 
minations, the other figures from two determinations. In tables 
2 — 6 the values for total nitrogen, ammonia nitrogen, nitrate 
nitrogen and a-humus are reported on the basis of 100 g. samples. 
The figures for lignin decomposed are established with the 
aid of the amounts of lignothioglycolic acid found in 20 g. 
samples and diagrams 4 and 1 for the samples I — III and 
IV— VIII, respectively. The calculation of the figures for 
protein decomposed may be illustrated by an example. Sample 
1 had lost 4.7 mg, total nitrogen during the first year (table 1) 
and the amount of ammonia nitrogen pins nitrate nitrogen 
had increased from 7.9 to 9.1 mg. during the same time 
(tables 1 and 3). Thus, the protein nitrogen decomposed during 
this time was assumed to be (4.7 + 9.1 — 7.9 — ) 5.9 mg., 
corresponding to 16 per cent of 35,9 (table 1). 

The experiments show the following: 

All the samples had lost nitrogen, though the losses were 
rather small for the acid samples to which potassium nitrate 
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Table 1. 


Initial values on the basis of 100 g. samples. 


Samples 

pH 

s a 

0 ^ 
B 

5? 

It 

a 

<1 

i . 

la 

■it 

o 

u 

P-! 

£C 

B ibb 

Cellulose | 

mg. 1 

OQ 

a 

(D 

*'!=) . 
a ^ 
bO 3 

IST- content of the 
lignothioglyeolic 
acid, per cent 

Org. C I 

mg. ! 

CQ 

O 

I 

8.1 

45.1 

7.9 

O.o 

35.9 

110 

494 

364 

888 

2.9 

788 

99 

II 

8.1 

54.4 

7.9 

9.2 

35.9 

110 

494 

354 

388 

2.9 

783 

46 

III 

8.1 

63.6 

7.9 

18.4 

35.9 

no 

494 

364 

388 

2.9 

783 

30 

IV 

6.1 

44.4 

7.9 

O.o 

35.9 

no 

494 

354 

357 

2.5 

783 

99 

V 

6.1 

53.7 

17.1 

O.o 

35.9 

no 

404 

354 

367 

2.5 

788 

46 

VI 

6.1 

62.9 

26.3 

O.o 

35.9 

no 

494 

354 

357 

2.5 

783 

30 

VII 

6.0 

53.7 

7.9 

9.2 

35.9 

no 

494 

354 

357 

2.6 

783 

46 

VIII 

5.7 

62.9 

7.9 

18.4 

85.9 

no 

494 

354 

367 

2.5 

783 

30 


had not been added (samples IV — VI). For each sample the 
losses were of about the same magnitude after 1, 2, 3 and 4 
years as after 3 months, indicating that the losses had occurred 
mainly during the first 3 months, when the decomposition of 
the cellulose and the pentosans was taking place most rapidly. 
Both at the alkaline and the acid reaction the losses were 
larger for the samples to which potassium nitrate had been 

^ In all the tables the total-N of the sand, 1.8 mg. for samples I—III 
and 0.6 mg. for samples IV — VIII, is included. 

® The figures represent mg. lignothiogly colic acid. In a preliminary 
report recently left to the third Commission of the International Society of 
Soil Science we have given the figure 330 for all the samples. This value 
was found in determinations made on manure without sand. We have now 
considered it more accurate to give both the figures determined for manure 
mixed with sand which had been washed with water only and those ob- 
tained when the sand admixed had been washed with hydrochloric acid 
plus water. 

® The figures represent the ratio of organic carbon to ammonia-N plus 
nitrate-N. 
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Talle 2. 

Results after 3 months. 


m 

o 

%i 

B 

ci 

U1 

pH 


Loss of total-N 
mg. 

c3 

§ ^ 
a « 
a 
<1 

<b . 

'S 

03 

s 

a bj[) 

w" 

S 

Cellulose 

Pentosans 

i 

Lignin 

o 

bi) 

o 

.3 

-H 

O 

S-, 

Per cent decomposed 

I 

8.0 

40.5 

4.6 

0.3 

1.3 

84 

84 

73 

18 

34 

- 6 

II 

8.1 

46.7 

8.7 

0.1 

4.5 

85 

86 

75 

16 

36 

-11 

III 

8.1 

64.7 

8.9 

0.1 

16.5 

81 

86 

76 

20 

37 

— 5 

IV 

6.0 

42.4 

2.0 

2.2 

2.2 

86 

69 

56 

5 

22 

- 4 

V 

6.9 

51.9 1 

1.8 

12.1 

1.7 i 

83 

66 

54 

0 

23 

- 4 

VI 

6.9 

60.2 1 

2.7 

20.4 

1.1 

74 

67 

65 

4 

27 

- 6 

VII 

6.8 

47.7 ' 

6.0 

0.3 

9.9 

87 

66 

— 

1 

25 

- 3 

VIII 

6.8 

55.2 

7.7 

0.8 

17.6 

80 

62 

— 

1 

25 

- 2 


Table 3. 

Results after 1 year. 


Samples 

pH 

Total-N 

mg. 

Loss of total-N 
mg. 

Ammonia-N 

mg. 

Nitrate-N 

mg. 

a-Humus 

mg. 

N-content of the 
lign othiogly colic 
acid, per cent 

Cellulose 

Pentosans 

Lignin 

Org. C 

Protein-N 

Per cent decomposed 

I 

7.5 

40.4 

4,7 

0.1 

9.0 

89 

3.6 

94 

81 

38 

63 

16 

II 

7.7 

46.1 

8.8 

O.O 

13.1 

86 

3.2 

94 

84 

32 

55 

12 

m 

7.6 

66.7 

6.9 

0.1 

23.5 

92 

3,2 

96 

83 

36 

55 

12 

IV 

5.7 

42.4 

2.0 

3.2 

5.8 

105 

2.9 

77 

63 

26 

41 

9 

V 

5.6 

52.4 

1.8 

11.4 

5.8 

102 

3.0 

73 

61 

17 

36 

4 

VI 

6.5 

69.9 

3.0 

19.8 

5.7 

107 

3.1 

75 

69 

14 

36 

6 

vii 

6.5 

47.9 

6.8 

2.1 

13.5 

102 

3.1 

75 

61 

17 

40 

12 

VIII 

6.5 

66.0 

6.9 

0.9 

20.6 

102 

3.3 

79 

61 

13 

28 

6 
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Table 4, 

Eesiiits after 2 years. 


Samples ■ 

pH 

bb 

t a 

bb 
"o ^ 

tfl 

1 

3 

. 

a 

s 

K 

2 bb 

M S 

b' 

intent of the 
o thing ly colie 
id, per cent i 

Cellulose ; 

Pentosans ; 

Lignin 

o 

bb 

o 

3 

■y 

O 




0 



iy fl C./ 
bO C3 
:r:! 

Per cent decomposed 

I 

7.4 

40.1 

5.0 

0.2 

13.1 

80 

3.4 

95 

87 

43 

68 

20 

II 

7.6 

44.8 

0.6 

0.2 

17.9 

83 

3.6 

07 

88 

45 

50 

30 

III 

7.5 

54.2 

0.4 

0.1 

26.8 

78 

3.7 

07 

88 

46 

58 

28 

IV 

5.6 

41.1 

3.n 

3.3 

8.8 

98 

3.0 

77 

67 

23 

37 

21 

V 

5.6 

50.5 

3.2 

10.8 

7.0 

86 

3.3 

75 

65 

20 

37 

13 

VI 

5.5 

60.3 

2.6 

lO.O 

8.3 

101 

3.2 * 

74 

65 

24 

37 

13 

Vir ' 6.5 

40.2 

4.5 

1.5 

i 15.8 

1 

98 

3.1 

76 

66 

24 

37 

13 

vin 

5.6 

55.4 

7.5 

1.0 

! 23.5 

97 

3.3 

75 

63 

20 

31 

16 


Table 5. 

Eesults after 3 years. 


Samples 

pH 

? bb 

r— < 

a 

o , 

buo 

■5 S 

1 S 

trate-N 

mg. 

a: 

2 bb 

tent of the 
hioglycolic 
per cent 

Cellulose 

Pentosans 

Lignin 

O 

bb 

O 

,3 

0) 

4-» 

o 

u 


H 

W 

2 











<1 


y a o 













23 

Per cent decomposed 

I 

7.1 

30.9 

5.2 

0.1 

17.3 

107 

3.5 

97 

00 

52 

67 

41 

11 

7.3 

44.6 

0.8 

0.1 

22.0 

93 

3.5 

98 

01 

54 

67 

41 

III 

7.2 

53.5 

10.1 

0.1 

31.9 

89 

3.4 

08 

03 

50 

60 

44 

IV 

5.3 

43.7 

0.7 

2.1 

12.3 

116 

2.8 

84 

60 

23 

40 

21 

! V 

i 

6.4 

52.4 

1.8 

11.7 

10.5 

106 

3.0 

81 

70 

21 

30 

18 

VI 

5.2 

60.4 

2.5 

18.7 

11.5 

120 

3.0 

78 

68 

11 

36 

18 

! vii 

1 

5.3 

47.3 

6.4 

0.5 

19.1 

114 

3.0 

78 

60 

23 

41 

25 

1 YIII 

5.4 

66.0 

6.9 

1.2 i 

26.7 

114 

3.1 

70 

60 

22 

42 

21 
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Table 6. 


Results after 4 years. 


Samples 

pH 

Total-N 

mg. 

Loss of total-N 
mg. 

a 

i ^ 

a *=! 

< 

O) . 

« 5F 

a-Humiis 

mg. 

N- eon tent of the 
li gn ot h i ogl y coli c 
acid, per cent 

Cellulo.se 

Pentosans 

1— ? 

Org. C 

Protein-N 

Per cent decomposed 

I 

6.9 

40.9 

4.2 

O.o 

19.5 

79 

3.6 

99 

91 

60 

70 

44 

IT 

7.1 

44.3 

10.1 

O.o 

23.8 

84 

3.4 

100 

92 

61 

71 

47 

III 

7.0 

56.2 

7.4 

0.1 

34.5 

81 

3.9 

100 

92 

63 

71 

44 

IV 

6.1 

43.3 

1.1 

1.5 

13.6 

116 

2.8 

86 

68 

22 

46 

23 

V 

6.1 

62.9 

0.8 

10.5 

12.0 

91 

3.0 

83 

69 

26 

45 

17 

VI 

5.0 

62.3 

0.6 

18.3 

12.7 

127 

3.2 

82 

70 

25 

44 

15 

vn 

5.1 

47.9 

• 6.8 

0.9 

19.7 

113 

2.9 

86 

71 

29 

49 

26 

VIII 

5.3 

56.4 

C.5 

2.9 

26.9 

108 

2.9 

89 

76 

37 

50 

28 


added than for the others; thus, at least a part of the losses 
for the former samples must be ascribed to denitrification. 

In the four years during which the material was under 
observation, the alkaline samples produced 14.6 — 19.5 mg, 
nitrate nitrogen per 100 g.; the corresponding limits for the 
acid samples were 8.5 and 13.6. At the end of this time the 
pH values of all the samples had been reduced by about one 
unit. It is remarkable that, even after four years, samples 
V and YI contained large amounts of ammonia nitrogen; the 
low pH value (5.l) possibly explains why this nitrogen has 
not been nitrified. 

The cellulose was decomposed more rapidly than the other 
compounds studied. After three months actually about 85 
per cent had been decomposed in the alkaline samples and 
66 per cent in the acid samples. Decomposition proceeded in a 
parallel manner in both acid and alkaline samples. The additions 
of potassium nitrate and of ammonium sulfate, by which the 
ratio of organic carbon to assimilable nitrogen was reduced 

5 — 39498. Lanthrukshogaholans Annaler. Vol. 8. 
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from 99 to 46 or 30, have shown no stimulating effect upon 
the rapidity of decomposition of cellulose or of the other 
substances studied. 

The pentosans were decomposed somewhat more slowly and not 
so completely as the cellulose. After three months about 75 per 
cent was decomposed in the alkaline samples and 55 per cent 
in the acid samples; after four years the figures were 92 and 
71, respectively. The figures after three years were very nearly 
the same as those after four years; thus, the process was 
dormant during the fourth year. 

On an average 18 per cent of the lignin had been decom- 
posed in the alkaline samples after three months but only 
2 per cent in the acid samples; at the end of the experiments 
the figures were 61 and 28, respectively. Thus, this decom- 
position had proceeded considerably more slowly than that of 
the cellulose or of the pentosans. In the acid samples the 
process was dormant during the two last years. It must be 
acknowledged that the lignin figures presented are not quite 
accurate, mainly on account of the fact that the lignothiogly- 
colic acid preparations contained nitrogen. For the preparations 
obtained after 1, 2, 3 and 4 years the nitrogen figures were 
about 0.5 units lower than those for the corresponding pre- 
parations at the beginning of the experiment. This indicates 
that the content of crude protein in the preparations Was 
lower at the start than at the time of the later determinations. 
Consequently, the values presented for decomposed lignin are 
probably somewhat too small. 

The values found in the determinations of a-hurnus are 
rather irregular; therefore the}- allow no sure conclusions. 

In all the samples the amount of protein synthesiized after 
three months was larger than that of protein decomposed, as 
seen by the negative figures for protein nitrogen decomposed 
(table 2). At the subsequent times of sampling positive values 
were obtained. After three years an average of 42 per cent 
of the protein nitrogen was decomposed in the alkaline samples 
and 21 per cent in the acid samples; at the end of the experi- 
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iiieiits the -figures were 45 and 22, respectively. Thus, the 
process was very nearly dormant during the last year. Both 
after three and four years the degree of protein decomposition 
in samples V and VI, to which ammonium sulfate had been 
added, was somewhat lower than in the other acid samples; 
the high content of ammonia nitrogen in the former samples 
has probably caused this retardation. 

Like the decomposition of cellulose and of the pentosans, 
the decomposition of organic carbon proceeded most rapidly 
during the first three months. After these three months an 
average of 37 per cent of the carbon was decomposed in the 
alkaline samples and 24 per cent in the acid samples; at the 
end of the experiments the figures were 71 and 47, respectively. 

Summary. 

An experimental study of the decomposition of protein, 
cellulose, pentosans and lignin in manure has been carried 
out for a period of four years. The manure was obtained 
from cows which had been fed on hay, straw and concentrates; 
it was three months old and contained urine, straw and chaflf. 
The experiments were made in sand at the initial pH-values 
8 and 6. By addition of potassium nitrate or ammonium sulfate 
the ratio of organic carbon to assimilable nitrogen was narrowed 
from 99 to 46 or 30. The following results should be noted: 

All the processes studied proceeded decidedly more rapidly 
at the alkaline than at the acid reaction. After four years 
100 per cent of the cellulose, 92 per cent of the pentosans, 
61 per cent of the lignin and 45 per cent of the proteins 
were decomposed in the alkaline samples; for the acid samples 
the figures were 85, 71, 28 and 22, respectively. 

The additions of ammonia nitrogen and nitrate nitrogen 
showed no stimulating influence upon the rapidity of the pro- 
cesses of decomposition. On the contrary, a slight retardation 
of the decomposition of proteins was found in the samples 
to which ammonia nitrogen had been added. 
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Saminanfattning. 

Vid de bar besbrivna forisoken stnderades sonderdelningen 
ay protein, cellulosa, pentosaner och lignin i godsel under 
fyra ar. Godseln var erhallen efter kor, som bade blivit ut- 
fodrade med bo, balm ocb kraftfoder; den var tre inanader 
gainmal och innehoU nrin, halm ocb agnar. Forsoken gjordes 
i sand vid de initiala pH-vardena 8 ocb 6. Genom tillsats av 
kalinmnitrat eller ammoniumsnlfat fortrangdes forhallandet 
mellan organiskt kol ocb assimilerbart kvave fran 99 till 46 
eller 30. Foljande resnltat bora noteras: 

Alla de stnderade processerna fortskredo betydligt hastigare 
vid den alkaliska reaktionen an vid den sura. Efter fyra ar 
bade i de alkaliska proven sdnderdelats 100 % av cellulosan, 
92 % av pentosanerna, 61 % av ligninet ocb 45 % av pro- 
teinerna; for de sura proven voro de respektive siflfrorna 85, 
71, 28 ocb 22. 

Tillsatserna av ammoniakkvave ocb nitratkvave visade ingen 
stimulerande verkan pa soiiderdelningsprocessernas bastigbet. 
Tviirtom konstaterades en latt retardation av proteinernas 
sonderdelning i de prov, till vilka ammoniakkvave bade satts. 
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Vernalization of Winter Rye, 

By EWERT ABEEG. 

Communication No. 7 from the Institute of Plant Jffushandry. 


Introduction. 

During the last five years there has been much discussion 
about Lysenko’s theory of vernalization (1932). According to 
this theory winter cereal seeds which are chilled immediately 
after germinating and sown in the spring may give plants 
which will form ears and reach maturity the same year. In 
1935 vernalization experiments were started at the Institute 
of Plant Husbandry of the Agricultural College. The Swedish 
variety Stalrag was used in all the experiments, of which a 
])reliminary report will be given here. 

Experiment in 1935. 

Plan of experimeut. 

1. Seed not treated. 

2. Swelling of seed at 20” C; 40% water. 

3. Vernalimtion of seed at 3” C; 40% water. 

4. Vernalization of seed at 3” C; 60 % water. 

The seed was not disinfected. On the 3rd of May the seed 
for treatments 3) and 4) received water in three successive 
stages at 9 a.m,, 2 p.m. and 8 p.m., each time one third of 
the total. To ensure regular absorption the material was 

stirred once each time water was added. The seed was kept 

at 20^ C until the following morning when the first roots 
appeared. It was then placed in a dark cellar at a tern- 
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perature of 3° C and kept tliere until May 29th. Thus the 
seed was exposed to low temperature over a period of 25 days. 
The seed for treatment 2) received water on the 28th of May. 
The experiment was sown on sandy soil in the field, the area 
of each plot measuring 2.25 sq.m. (1.5 m X 1.5 in) and the 
distance between rows 15 cm. Sprouting occurred on June 
7th. The stand after treatment 4) was very uneven and not 
as good as the stand on the other plots (See Fig. 1). At the 
end of July a few ears appeared in the plots sown with vern- 



Fig. 1. Vernalization experiment with Stalrag 1935. On the right hand 
side are the plots with untreated seed (in thef background) and with seed 
vernalized with 40 % water (in the foreground), and on the left hand side 
the plots sown with swollen .seed (in the background) and seed vernalized 
with 50 % water (in the foreground). — Photo 1935. 

alized seed, but no kernels developed. The number of ears 
pro plot at Aug. 23rd was for treatment 3) 14 and for 4) 5 
(being the average of four replications). 

Experiments in 1936. 

Testing of germination and sprouting poiver. 

The experiment in 1935 hadl shown that vernalization had 
a deleterious influence on sprouting. As this might be due 
to infection, further investigations were made in 1935 — 36 
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Table 1 . 

The effect of vernalization and disinfection of vernal- 
ized seed on germination and sprouting power 1935 — 36. 


Water 

% 

Disinfec- 
tion mg 
Uspiilnn/ 
g seed 

V ernal- 
ization 
days 

Germi- 

nation 

Ab- 

normal 

plants 

Sprouted 

plants 

Fumrium 
infected 
plants and 
kernels 

PeniciUmm\ 
infected 
plants and 
kernels 


0 

10 

90.7 

3.0 

93 

9 

2 


0 

16 

87.5 

8.0 

84 

17 

6 


0 

20 

88.8 

8.3 

89 

20 

7 

35 

0.2 

20 

80.0 

4.8 

91 

6 

21 


1.0 

20 

88.8 

6.5 

91 

8 

20 


0 

„ 

25 

86.0 

6.3 

86 

29 

16 


0 

10 

89.1 

4.5 

90 

15 

1 


0 

16 

82.0 

9.0 

90 

20 

3 

40 

0 

20 

70.3 

11.0 

84 

37 

13 


0.2 

20 

91.0 

4.8 

89 

13 

15 


1.0 

20 

90.3 

3.8 

97 

7 

21 


0 

26 

79.0 

12,5 

83 

66 

17 


0 

10 

88.5 

6.3 

89 

19 

1 


0 

15 

77.3 

13.5 

84 

20 

hf 

i 

60 

0 

20 

66.8 

19.5 

70 

76 

13 

0.2 

20 

88.8 

4.8 

95 

17 

17 


1.0 

20 

92.8 

3.5 

89 

17 

6 


0 

26 

65.3 

16.8 

1 

72 

81 

14 




with seed subjected to different treatments of disinfection and 
vernalization. Experiments were then made with seed not 
disinfected and seed disinfected with 10 and 50 % respectively 
of the normal dose of IJspnlun powder, i,e. 0.2 and 1 mg of 
powder to each gramme of seed respectively. After being 
prepax-ed in this way the seed was vernalized at 1 — 2° C with 
35, 40 and 50 % water (Table 1). The water was given in the 
same way as in the 1935 experiment. Samples were taken 
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for the testing of germination and sprouting power \ in the not 
disinfected seed after 10, 15, 20 and 25 days’ vernalization 
and in the disinfected seed after 20 days vernalization. The 
results of the tests of germination and sprouting power are 
given in table 1. Percentages of germination and abnormal 
plants from untreated seed were 94 % and 3.4 % respectively, 
the number of plants sprouted 87 %, of Fusarium-inieQiedi 4% 
and of Penici/Kwm-infected 8 %. Following the results from 
the experiments in 1935 and the investigations of germination 



Fig. 2. Vernalization experiment with Stalrag 1936. Plot a/7. — Photo 

1936 , 

and sprouting power 1935 — 36 two experiments were planned 
as set out (Table 2). The experiments were arranged according 
to the block method, with altogether 27 plots (3 X 3 X 3), the 
area of each plot raeasnring 10.5 sq.m. (1.5mX7m). Ger- 
mination and sprouting power were measured in the vernalized 
material and the results are tabulated in table 2. Vernaliza- 
tion was continued until May 12th in a dark cellar at a tem- 
perature of 1 — 2° C. One of the experiments was sown on 
the same day. The seed for the other experiment was first 

^ G-ermination and sj)routing power are determined according to the Inter- 
national Seed Testing methods. 
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Resuits of experiments in 1936. 


Plot 

Symbols ^ 


Sprouting power j 

Number of ears 

W. 

D. 

T. 

Germi- 

Plants 

sprouted 

Plants and kern- 

Sept. 

21st. 


nation 

els infected by 
Fusarium and 
Penicilliimi 

Exper. 1 

Exper. 2 

a,'l 

0 

0 

0 

81,8 

91 

27 





a/2 

0 

1 

1 

91.3 

94 

17 

— 

1 

a/3 

0 

2 

2 

90.8 

94 

13 

— 

— 

a/4 

1 

0 

1 

83.8 

78 

33 

7 

4 

a/6 

1 

1 

2 

■ 88.5 

95 

23 

34 

22 

a/6 

1 

2 

0 

91.0 

100 

9 

— 

— 

a/7 

2 

0 

2 

82.3 

64 

61 

120 

81 

a/8 

2 

1 

0 

88.9 

88 

23 

— 

3 

a/9 

2 

2 

1 

92.0 

91 

13 

1 

4 

b/l 

0 

0 

1 

77.0 

82 

27 


— 

b/2- 

0 

1 

2 

89.8 

89 

14 

— 

— 

b;3 

0 

2 

0 

90.0 

88 

15 

— 

— 

b/4 

1 

0 

2 

81.5 

81 

46 

71 

49 

b;'5 

1 

1 

0 

87.9 

86 

35 

— 

— 

b/6 

1 

2 

1 

94.0 

89 

19 

3 

2 

b/7 

2 

0 

0 

82.0 

91 

25 

— 

— 

))/8 

2 

1 

1 

93.0 

84 

27 

4 

4 

b/9 

2 

2 

2 

90.O 

93 

18 

72 

32 

o/l 

0 

0 

2 

79.5 

90 

43 

— 

— 

c/2 

0 

1 

0 

96.8 

89 

22 

— 

1 

(‘/3 

0 

2 

1 

93,5 

93 

11 

1 

— 

c/4 

1 

0 

0 

81.5 

95 

30 

1 

— 

c/6 

1 

1 

1 

91.9 

92 

8 

20 

6 

c/'6 

1 

2 

2 

’91.8 

90 

18 

38 

47 

(V7 

2 

0 

1 

77.8 

85 

25 


6 

C./8 

2 

1 

2 

92.7 

92 

31 

j 83 

30 

c/9 

2 

2 

0 

92.7 

89 

25 

I — 

2 

^ W, 

j = 

With out 

j water. 

1 

[>0 == No disinfection. 



L ^ ‘ 

40 


» . 

] 

[>1 = Disinfection 

with 1 

mg Uspxi- 

AV. 


50 % 

» 


Inn powder 

pr g seed. 






J 

I >2 = Disinfection 

with 2 

mg ITspu- 


^ =;= ■ 

Witboiil 

) chilling. 


Inn powder 

pr g seec 

1. 

T, 

1 ™ 

10 c 

lays 

' V 





T: 

Z = 

21 


» 
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dried for, two days and was sown on May They were 

both sown at Ultuna on loamy soil. Very bad drought oc- 
curred during the weeks after sowing, and sprouting was very 
uneven. Shooting started on some plots about July 20th,, 
and the number of ears on September 21st is given in table 
2. Kernels developed in a few ears which were harvested on 
October 7th, giving a total weight of 31 g. The plot which 
gave the greatest number of eai's is shown in fig. 2. 

Experiments in 1937. 

Experiments in 1936 had shown that a chilling period of 
21 days gave the greatest number of ears per plot. Therefore 
in the 1937 experiments with chilling periods of 20, 30 and 


a) The field experiment. 

Plan of experiment. 


Plot 

Symbols 

W. D. 

1 

T. 

Plot 

Symbols 

W'. D. 

1 

T. 

Plot 

Symbols ^ 

W. D. T. 

a/1 

0 

0 

1 

h/1 

1 

0 

1 

c/l 

2 

0 

1 

a/2 

1 

1 

1 

b/2 

2 

1 

1 

e/2 

0 

1 

1 

a/3 

2 

2 

1 

l)/3 

0 

2 

1 

c/3 

1 

2 

1 

a/4 

1 

0 

2 

h/4 

2 

0 

2 

c/l 

0 

0 

2 

a/ 5 

2 

1 

2 

h/5 

0 

1 

2 

c/5 

1 

1 

2 

a/6 

0 

2 

2 

h/C 

1 

2 

2 

c/6 

2 

2 

2 

a/7 

2 

0 

3 

l)/7 

0 

0 

3 

c/7 

1 

0 

3 

a/8 

0 

1 

3 

h/8 

1 

1 

3 

c/8 

2 

1 

3 

a/ 9 

1 

2 

3 

h/9 

2 

2 

3 

c/9 

0 

2 

3 


1 ’Wq = 'Without water. Dq — No disinfection. 

Wi == 50 % » . = Disinfection with 1 mgUspulun powder 

Wa = 60 % » . pr g seed. 

Dg = Disinfection with 2 mg Uspulun powder 
pr g seed. 

Tj = 20 days’ chilling at 1—2° C. 

Ta = 30 » » » 1—2“ C. 

Tg = 40 » » » 1 — 2° 0. 
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40 days were nsed. The seed was chilled in a frigidaire at 
1 — 2° C and received water (50 % and 60 % respectively) at 
9 a.m., 12 a.m. and 3 p.m., each time 1/3 of the total. Between 
the water treatments the seed was stirred twice. It was placed 
in the frigidaire at 5 p.m. the same day. Two experiments 
were sown, one in the field, and one in Mitscherlich pots in 
the cage at the Institute. 

On May 14th the experiment was sown according to the 
block method, the area of each plot being 10 sq.m (2 m X 
5 m). The ’weather was very dry both before and after sowing, 
and sprouting was poor. Although only a few ears appeared 
during the summer it was clear that vernalization for 30 or 
40 days gave the greatest number of ears. 

b) The pot experiment. 

The plan of the experiment is given in table 3. The sur- 
face area of the pots was 0.03 sq.m. Seed from the yield of 
the 1936 vernalization experiments was employed. Sowing 


Table 8. 

Results of pot experiment in 1937. 


Treat- 

ments 

Symbols* 

Number 
of ears 
on Aug. 
25th 

Height of 
plants^ on 
Ang. 9 th 
cm 

Yield in 
grammes^ 

Total 
weight of 
kernels 

g 

Num- 
ber of 
kern- 
els 

Mean j 
weight of 
kernels 

g 

w. 

D. 

T. 

Straw 

Seed 

5 

1 

0 

1 

4 

95 

5.10 

0.3S 

0.99 

69 

0.O14 

6 

1 

1 

1 

7 

103 

10.43 

0.43 

1.29 

80 

0.016 

7 

1 

0 

2 

— 

— 

— 

“■ 

— 

— 

— 

8 

1 

1 

2 

10 

115 

9.80 

2.40 

7.20 

292 

0.025 


1 Wo = Without water. Do — disinfection. 

Wx = 60 % » . Di == Disinfection with 1 mg Dspulnn powder 

pr g seed. 

Tq = Without chilling. 

Tj = 20 days’ chilling at 1 — 2° C. 

Tg = 30 « » , » 1— 2*^ C. 


^ Average for three replications. 
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took place on May 19th and sprouting* on May 27tli. 
plants appeared after treatment 7, as the kernels had been 
killed by fungi during vernalization. Shooting started on July 
12th after 10 days vernalization and on July 21st after 20 
days vernalization. Eipening* took place on September 9th. 
Table 3 gives the results of the experiment. Treatments 1 — 4 
did not induce any shooting and are therefore omitted in 
the table. 


Experiments in 1938. 

In the experiments in 1935 to 1937 the best results were 
obtained from vernalization with the longest periods of chilling^ 
and therefore long chilling periods were planned for the ex- 
periments in 1938. The water was given in the same way 
as in 1937 but the seed was left at 20° C, until the following 
morning and then placed in a frigidaire at 1 — 2° C. In the 
previous years the vernalization had been done in vessels covered 
with glass plates and the ventilation had been rather limited., 
In 1938 the vessels were not covered, but water was added 
at short intervals in such a way as to keep the moisture 
constant throughout the whole vernalization period. One 
experiment was sown in the field and two in pots in the cage.. 

Field experiment. 

Plan of experiment. 

1. No treatment. 

2. Disinfection, 1 mg Uspulun powder pr g seed. 

3. Vernalization 40 days. 

4. Disinfection and vernalization 40 days. 

5. Vernalization 50 days. 

6. Disinfection and vernalization 60 days. 

7. Vernalization 60 days. 

8. Disinfection and vernalization 60 days. 

All vernalized seed received 50 % water. Each treatment, 
was replicated four times, the area of the plots measuring 9 sq. m. 
(3X3 m). Since experience in previous years had shown that. 
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Fig. 3. Vernalization experiment with. Stalrag. 
a) Disinfected and not vernalized seed, 
h) » » 40 days vernalized seed. 

c) » » 50 » » , 

d) » » 60 » » » . 

Photo Vo 1938. 

early spring* sowing might indnce better sprouting, the 1938 
experiment was sown on April 29th. Sprouting was good 
and the stand was uniformly dense. Shooting commenced 
in the first weeks of . July. The results of the experiment are 
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giv^zi in table 4. Date of ripening for treatments 7 and 8 
was tlie 10th of Sept., for 5 and 6 the 12th of Sept, and for 
3 and 4 the 14th of Sept. The average measurement for plant 
height in treatments 3 — 8 was 110 cms and in treatments 
1 — 2 about 70 cms. 


TaUe 4, 

Results of field experiment in 1938. 


Treat- 

meat 

Number of ears 
on Wept. 9th 

Straw weight 

Weight of 
seed 

Grain 

offal 

% 

Weight of 
1 000 
kernels 
g 

Total 

Fertile 

kg/ha 

Kel. 

kg/ha 

Rel. 

1 

63 

4 

— 

— 

— 

— 

— 


2 

36 

2 

— 

— 

— 

— 

— 

— 

3 

484 

360 

622 

100 

166 

100 

14.3 

21.7 

4 

621 

486 

711 

114 

167 

107 

13.3 

21.2 

^ ' 

806 

661 

833 

134 ' 

244 

156 

13.0 

21.5 

6 

1 090 

833 

1189 

191 

289 

185 

15.4 

20.8 

7 

1 

979 

791 

1000 

161 

278 

178 * 

16.0 

22.3 

1 8 

883 

703 

856 

138 

211 

135 

15.8 

21.1 



Rig. 4. The yield from the a-plots of the field experiment in 1938. To 
the left the yield from the two plots sown with untreated seed, then 
follows the yield from plots sown with seed vernalized in 40, 50 and 60 
days. The sheaves are arranged according to the plan of experiment on page 78. 
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Pot experiments. 

a) Experiment No. 1. For this experiment the seed harvested 
from the vernalization experiments in 1937 was used. 

Plan of experiment. 

1. No treatment. 

2. Disinfection, 1 mg Usx)ulun powder pr g seed. 

3. Vernalization 40 days. 

4. Disinfection and vernalization 40 days. 

6. Vernalization 50 days. 

6. Disinfection and vernalization 50 days. 

7. Vernalization 60 days. 

8. Disinfection and vernalization 60 days. 

The water given was 50 % of the seed weight. Each treat- 
ment was replicated. The experiment was sown on May 5th; 
sprouting was good and the density uniform. Shooting began 
in the middle of July (treatments 5 — 8). The results of the 
experiment are given in table 5. Ripening occurred on the 
14th of Sept, after treatments 7 and 8 and on the 15th of 
Sept, after 5 and 6. 


Table 5. 

Results of pot experiment No. 1. 


Treat- 

ments 

Number of ears 
on 8ept. 14th 

Height of 
plants 
Sept. 2nd 
cm 

Straw 

weight 

Weight of 
seed 

Seed 

weight 

g 

Total 

Fertile 

g/pot 

Eel. 

g/pot 

Rel. 

1 

10 

3 

66 

3.15 

84 

0.05 

15 

O.OlO 

2 

4 

1 

45 

2.05 

54 

O.OL 

3 

O.008 

3 

6 

2 

70 

3.77 

100 

0.34 

100 

0.020 

4 

15 

7 

70 

5.63 

149 

0.42 

124 

0.014 

6 

8 

7 

110 

7.63 : 

202 

1.03 

303 

0.021 

6 

11 

6 

100 

6.66 

177 

1.14 

335 

0.020 

7 

7 

6 

115 

9.43 

260 

2.33 

685 

0,028 

I 8 

8 

1 8 

115 

9.73 

258 

1.78 

524 

0.023 


6 — 39498. Lanihrukshogskolans Annaler. Vol. 8. 
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b) Experiment No. 2. 

Plan of ex}}eriment. 

1. Seed not treated. 4. Seed rermlized 60 days. 

2. « vernalized 40 days. 5. » 70 . 

3. » 60 » . 

Tiie seed was not disinfected. In all treatments 50 % water 
was given. Each treatment was replicated twice. The ex- 
periment was sown on May 5th, and sprouting was uniform. 
Shooting started during the first half of July. The results 
of the experiment are given in table 7. After treatment 
5) ripening occurred on Sept. 13th, and after treatinenb 4) on 
Sept. 19th. 

Table 6. 

Results of pot experiment No. 2. 


Treat' 

ment-s 

Number of ears on 
Sept. 14th 

Height of 
plants 
Sept. 2iicl 
cm 

Straw 

weight 

Weight of 
seed 

Seed 

weight 

g 

Total 

Fertile 

g/pots 

Rel. 

g/pots 

Rel. 

1 

4 

1 

58 

1.82 

39 

0.08 

35 

0.016 

2 

9 

3 

! 78 

4.67 

100 

0.23 

100 

0.017 

^ 1 

• 9 

3 

90 

5.30 

114 I 

0.14 

61 

0.012 

4 

12 

6 

1 1^2 

9.95 

213 

1.68 

730 

0.028 

5 

14 

12 

1 

1 17.64 

378 

6.33 

2 317 

0.027 


Discussion. 

The effect of clisinfectmi. 

The experiments in 1935 had clearly vshown the importance 
of using good seed for vernalization. The only explanation 
of the big differences in density between the various treat- 
ments seems to be that vernalization had a deleterious effect 
on the seed. As a consequence investigations on germination 
and sprouting of differently vernalized seed were carried out 
in the winter 1935 — 36. Gteschele (1932) is of the opinion 
that in using disinfectants there is a danger of stimulating 
growth, too intensive for the seed. In the investigations in 
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1935 — 36 good results were obtained from a disinfection with 
Uspulun powder, particularly in vernalizations with 50 % water. 
The best results were obtained with 1 mg Uspulun powder 
per gramme seed, the largest quantity used in these invest- 
igations. The germination percentage after vernalization in 
20 days with 50 % water of seed disinfected with 1 mg per 
gramme was only 2.1 % lower than the germination percentage 
of seed not vernalized. But in the case of seed not disinfected 
and vernalized under the same conditions the germination 
percentage was 29.1 % lower. Similar results were obtained 
concerning the sprouting power. — From seed not vernalized 
87 plants (out of 100) sprouted and 12 were infected by 
Fusarimn or PeniGillium. Seed vernalized 20 days with 50 % 
water gave 89 and 22 plants respectively when disinfected 
with 1 mg Uspulun powder per gramme seed, but 70 and 
89 resp. when not disinfected. 

Between the plots sown with disinfected and not disinfected 
seed in 1936 no difference was observed. In 1937, however, 
although the conditions were very severe, there was an obvious 
difference between disinfected and not disinfected seed. On 
plots sown with seed not disinfected and vernalized with a 
high percentage of water (50 — 60 %) the stand was rather 
light but on plots sown with disinfected seed vernalized under 
the. same conditions the stand was dense. Similar results were 
obtained in the pot experiments of the same year and in all 
experiments in 1938. Disinfection with Usjralun powder ob- 
viously is advantageous for the sprouting as well as for the 
density, the question is, however, if such a disinfection is in 
any way unfavourable to the effect of vernalization. 

The effect of vernallrdation. 

In 1935 only a few ears apx)eared and no kernels developed. 
Ears appeared only from vernalized seed. In 1936 the ex- 
periments showed quite obviously that more ears appeared 
from vernalized seed than from seed not vernalized. Differ- 
ences could also be observed between different methods of 
vernalization. 50 % water and a chilling period of 21 days 
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gave the best result. The drying of the seed after vernaliza- 
tion did not appear to affect the results. In 1937 the field 
experiment was badly affected by drought immediately after 
the sprouting, and only a few ears developed. There was, 
however, a tendency to increasing number of ears after vern- 
alization with long chilling periods. In the pot experiments 
the same year, for which the yield from the experiments in 
1936 was used, ears were obtained from seed disinfected with 
1 mg Uspulun powder per gramme seed and vernalized for 
30 days with 50 % water. An average of 2.40 grammes of 
seed was obtained from three pots. The kernels were slightly 
smaller than usual. Although the experiments up to 1937 
had not given very conclusive results they indicated that 
vernalization had an effect on Stalrag. In addition, they 
showed that the disinfection of seed, necessary for a 
satisfactory density, did not have a deleterious influence in 
any way and, further, that a relatively high water percentage 
should be employed and that the number of ears incx'eased 
with the length of the chilling period. Therefore, in the 1938 
experiment 50 % water, disinfection with Uspulun powder and 
chilling for 40, 50, 60 and 70 days were used. Previously 
the sowing had taken place in the middle of May, but ac- 
cording to the plan in 1938, sowing took place at the end of 
April. In the field experiments that year the yield of seed 
varied from 156 to 289 bg/ha. These figures are very low as 
compared with those from an ordinary crop but they provide 
sufficient evidence of improvement in the vernalization method 
that year. The weight of a thousand kernels, 20.8 to 22 m g, 
is low as compared to the normal weight, 30 to 35 g. The 
yield and the thousand kernels weight seem to indicate that 
many details of the method employed should be investigated 
closer. Judging from the pot experiments still longer chilling 
periods might be employed with good results. Better condi- 
tions for vernalization, in these experiments only a frigidaire 
or a dark cellar have been available, seem to be necessary to 
obtain better results. 
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The results seem to indicate that the Swedish rye variety 
Stalrag* requires long; chilling peidods; considerably longer than 
the period of three weeks or one month which is usually 
regarded as normal. This coincides principally with the Russian 
opinion that the optimum length of the vernalization period de- 
pends upon the climate of the district of origin of the varieties. 
It seems probable that the Swedish varieties require a chilling 
period of two months or more. Disinfection of the seed is 
necessary. Vernalized seed should be sown only when the 
environmental conditions are suitable. 

Sammanfattiiing. 

Aren 1935 — 1938 ntfordes vid institutionen for vaxtodlings- 
liira vid Lantbrukshogskolan forsok med jaro visering av host- 
rag (Stalrag). Forsta aret, 1935, anvandes obetat utsade, som 
jaroviserades med 40 resp. 50 % vatten vid en temperatur av 
era 3° C under 25 dagar. TJppkoinsten av det jaroviserade 
utsadet blev dMig och det bildades endast ett fatal ax, i vilka 
ingen kiimsattning skedde. Under vintern 1935 — 36 gjordes 
en undersokning av betning av jaroviserat utsade med Uspuhm 
torrbetiiiiigsmedel, varvid framkom god effekt av betningen. 
Salunda hade grobarheten efter 20 dagars jarovisering med 
50 % vatten hos utsade betat med 1 mg Uspulun pr gram 
utsade endast nedgatt med 2.1 % i forhallande till det ej jaro- 
viserade utsiidets grobarhet men med 29.1 hos obetat utsade, 
Skiutkraftsundersokningarna visade samma tendens. .Det ej 
jaroviserade utsiidet gav 87 uppkomna och 12 Fusariuni- eller 
Pewh-///ao/?-smittade plantor, medan det som jaroviserats 20 da- 
gar med 50 % vatten gav 89 resp. 22, da det betats med 1 mg/g 
Uspulun men 70 resp. 89 da det ej betats. 

I fliltforsok sommaren 1936 anvandes obetat och pa olika 
satt betat utsade. Betningen inverkade detta ar icke pa upp- 
komsten och bestandet. Axskjutningen blev nagot battre an 
foregaende ar, varvid den i forsoket anvanda liingsta kylnings- 
perioden, 21 dagar, gav biista resultatet. Mogen skord erholls 
fastan i mycket liten mangd. 



86 


Ewert Aberg 

Ar 1937 iitlades ett forsok pa fiilt och ett i Mitscherlich- 
karl i vegetationsgardeii. Bada forsoken gavo iiiycket goda 
iitslag till formal! for betningen, beroende pa starka pMrest- 
ningar efter sMden. I faltforsoket blevo dessa sa sfcarka, att 
bestandet blev dMigt och. ett mycket litet antal ax framkom, 
i vilka inga karnor bildades. I karlforsoket erholls dilremot 
saval ax som karnor, och det visade sig aven detta ar att den 
laiigsta kylningsperioden, som nu var 30 dagar, gav hogsta 
resnltatet, 2.40 g karnor pr karl (markyta = 0.03 m^) i medeltal 
frail tre upprepningar. Kariistorleken var nagot inindre an 
normal, vikten var 0.025 g. 

I de forsok, som ntlades ar 1938, ett faltforsok och tva 
karlforsok, anvandes for jaroviseringen langa kylningsperioder 
40, 50, 60 och 70 dagar. I tva av forsoken jamfordes obetat 
och Uspnlunbetat utsade, varvid erh olios samma resultat som 
forut. Den langa kylningstiden visade sig vara fdrdelaktig, 
och i faltforsoket erholls skordar, varierande fran 156 — 289 
kg/ha. Den lagsta skorden erholls efter utsade, som jarovi- 
serats 40 dagar och de hogsta efter det, som jaroviserats 50 
och 60 dagar. I karlforsoken erholls overensstammande resultat, 
de hogsta skordarna vid jaro visering 60 och 70 dagar. Tusen- 
kornvikten varierade mellan 20.8 och 22.3 g. 

Av forsoken, som hittills varit rent orienterande, har fram- 
gatt nodvandigheten av betning av ntsadet. Denna betning 
kan utforas med TJspulnn torrbetningsmedel. Vidare synas 
langa kylningstider (2 manader eller mera) vara nodviindiga 
for jaro visering av svenska hostsadessorter. 
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liber die Einwirkiing der Kalidiingung auf die 
Festlegung der Phosphorsaure im Boden. 

Von SIGUED ERIKSSON. 
clem Institut fiir allg. Aclcerha%ilehre. 


Einleitung. 

Die Festlegung* der Phosphorsaure im Boden hat in den 
letzten Jahren in alien Kulturlandern wiederholt die Auf- 
merksainkeit der Bodenwissenschaftler erregt, nnd kaum wurde 
wohl ein anderes Gebiet der Bodenkunde in letzter Zeit so 
haufig in der Literatur behandelt (Gehring 1931). Die Los- 
lichkeit der Phosphorsaure bezw. die Festlegung* derselben ist 
vor alleni von dem pH-Wert des Bodens, dem Verhaltnis 
zwischen aktiven Azidoiden und Basoiden desselben sowie dem 
Kalkgehalt abhiingig (Gaarder 1930 und 1935, Hibbard 1936, 
Mattson & Karlsson 1938, u. a.). 

Dass die Phosphorsaurefestlegung auch in schwedischen 
Boden oft sehr stark ist, geht aus den Ai*beiten von Franck 
(1935 & 1937) und Torstensson & Eriksson (1938 a; 1 ) 
hervor, obwohl die Festlegung auf verschiedenen Boden ganz 
verschiedeii gross ist (Eriksson 1938). 

Auch das Kali wird besonders in kolloidreichen Boden 
meistens stark festgelegt, so dass man mit einer Auswaschung 
von Kaliumsalzen in der Regel nicht zu rechnen braucht 
(Eckstein 1935). Wahrend die Phosphorsaure, wenn man die 
Ausdriicke von Mattson verwendet, in unseren schwedischen 
Boden meistens »extra-mizellar» hauptsachlich an Ca gebunden 
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sein diirfte, -wird das Kali in weitem Ansmasse durcli Aiistaiiscli- 
adsorption von den Bodenkolloiden festgelegt. Biese letztere 
Ersckeiniing soil nacli Vaoeleu dnrcli eiiie Hyperbel wieder- 
gegebeii werdeii koiineiij wobei er jedocli sicker voraiissetzt, 
dass der Boden in vertikaler Eicktmig gleichforniig ist. 

Die Erage, wie Kali- iind Phospkorsauredungemittel in be- 
zug auf Ziigiinglickkeit auf einander wirken, ist anck ver- 
einzelt in der Literatnr Gegenstand eines gewissen Interesses 
gewesen, obwokl man liber den gegenseitigeii Einflnss dieser 
beiden Dlingemittel nirgends klaren Bescheid erkalt. Manckmal 
wird es jedock moglick sein, in der Literatnr ans den Unter- 
siichnngen anderer Probleme bier und da gewisse Daten zn 
dieser Frage zu finden. Da es anck wertvoll sein diirfte, die 
vorliegendeii Untersncknngen allseitiger zu belenckten, wird in 
dieser Arbeit anck die betreffende Literatnr berlicksicktigt. 

In ikrem Handbiick der kiinstlieken Dlingemittel geben v. 
Nostizt und Weigert (1928) iiltere Daten an, nack denen die 
Loslickkeit der Pkosphorsaure in Tkomasmehl durck Ver- 
misehen desselben mit Kaiiiit wesentlich erliokt werden komie. 
Diese Beliauptuiigen sind aber von Fisher (1932) anf Grund 
eingehender Untersuckungeii widerlegt worden. Fisher sckliesst 
seine Arbeit mit folgendeii Worten. »Es wird sick also emp- 
feklen, die in Frage stekende Ersckeiniing in der nenereii 
Literatnr nickt mehr anfznfiihren, da eine Steigernng der 
Thomasmeklpkospkorsaure dnrck Termisckeii mit Kainit nickt 
erreickt wird nnd zn Irrefiikrungen Anlass geben kann.» 

Sckon in den Jahren 1904 nnd 1907 pnblizierten Cameron 
nnd Mitarbeiter (Cameron & Hurst 1904; Cameron & Bell 
1907) Arbeiten liber die Wirkung von Wasser nnd wassrigen 
Salzlosnngen anf Bodenpkospkate. Besonders interessant ist 
in diesen Arbeiten, dass n. a. die Loslickkeit der Eisen- nnd 
Alumininmpkosphate in jisreiitralsalzlosnngen versckiedener Starke 
iintersnckt worden ist. In Tabelle 1 sind einige der Daten 
dieser Autoren znsammengestellt, die die Wirknng steigender 
Mengen KOI anf die PO^-Loslichkeit ans Bisenpkospkat 
zeigen. 
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TaMle 1. 

Eiseiiphospliat in Losiingen von KGl. (Cameron & Bell aus 
Tabelle XXXIV.) 


Los ling per 
g Eisen- 
phosphat 

%o KOI 
in der 
Ldsiing 

Losliche 

PO, 

Losung per 
g Eisen- 
phosphat 

^ioo KOI 
in dor 
Losung 

Losliche 

PO4 

20 era'* 

0 

0,3500 

40 cm^ 

0 

0,2175 

» 

0,111 

0,2256 




» 

0,272 

0,2011 


— 

— 

j) 

0,444 

0,1689 




— 

» 

5,0 

0,1127 

» 

5 

0,0930 

» 

25 

0,0905 


25 

0,0769 

» 

75 

0,0820 

« 

75 

0,0569 

w 

150 

0,0871 


150 

0,0528 

» 

300 

0,0871 

» 

j 300 

0,0428 


Aiich andere Analysendaten gehen in derselben Eichtniig. 
Mit anstatt KGl liaben diese Autoren keine alinlichen 

Resnltate fiir Eisenpliospliat bekommeii. Bei Aluminmmphos- 
pliat dagegen zeigt nicbt nnr KOI, sondern anch K^SO^ und 
NaNOg die oben illiistrierte Tendeiiz, dass die Losliclikeit mit 
der Konzentration der Neutralsalzlosnng abnimmt. Eiiiige 
dieser Dateii sind in Tab. 2 wiedergegeben. 

Da diese Tabelle aus Daten verscbiedener Origmaltabellen 
besteht, in denen das Aiisgangsmatexial heterogen ist, sind nnr 
Zalilen innerhalb jeder Kolnmne initer sich vergleichbar. Einige 
weitere Eesultate der zitierten Autoren sind in der Tab. 3 
wiedergegeben. Hier ist aucli die Wirkung des Kaliuinchlorids 
auf die Phosphatloslichkeit des ersichtlich. 

Auch in dieser Tabelle sind die PO^pWerte nnr innerhalb 
der Koliinmen vergleichbar. Die Verfasser sagen schon da- 
inals in ihrer Zusammenfassung der Eesultate: »The presence 
of potassium chloride in the solution decreases the amount of 
phosphoric acid obtained from iron, aluminium or calcium 
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Aliiiiiiiiiiimphospliat in Losungen von Neiitralsalzen. (Cameron & Bell, 
"Tab. XLIII; XLIY; XLV; XLVI und XLVIII). 
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Tahelle 3, 


Die Wirkung des Kaliumclilorids auf die PO^-Losliclikei t 
einigei' Piiosphate/1 g. Phosphat pro 20 cm® Losimg. 

(A os Tab. VII; XV und XXV in Cameron & Hurst 1904). 


Eisen phosphat 

Aluminiumpbosphat 

Kalzium phosphat 

g KGl pro 
Liter 

losliche 
PO4 pro 
Inter 

g KOI pro 
Liter 

losliche 
PO4 pro 
Liter 

g KCl pro 
Liter 

losliche 
PO4 pro 
Liter 

0 

0,3500 

0 

0,241 

6 

0,3278 

5 

0,1127 

150 

0,201 * 

25 

0,3227 

25 

0,0905 

200 

0,189 

15 

0,3193 

150 

0,0871 

250 

0,186 

300 ; 

0,2356 


phosphates. » Zu irgendwelchen fiir die Praxis nlitzlichen 
Eesultaten kamen die betreffenden Wissenschaftler in dieser 
Prage nicht. 

Nach den Untersuchnngeii von Dbeispring und Heinrich 
(1931) Tiber die Erhohnng der Wiirzelloslichkeit des Boden- 
kalis diirch Diingerphosphorsaure sind auch andere Porseher 
dazu angeregt worden, das Umgekehrte experimentell zn unter- 
siichen, d. h. nachzuprhfen, ob die Kalidiingnng* eventnell eine 
giinstige Wirknng auf die Phosphatzuganglichkeit der Bodeii 
aiisllbte (Engels 1932 & 1933). Dreispring und Heinrichs 
Untersuchungen wnrden hauptsachlich nach der ISTeubauerschen 
Keimpflanzenmethode ausgefiihrt. Sie haben gezeigt, dass 
eine Steigerung der Wiirzelloslichkeit des Bodenkalis durch die 
Dungerphos])horsaure »unverkennbar» ist, und sie giauben 
auf Grund anderer Untersuchungen (Frohwbin-Bomlitz 1927), 
dass die Phosphorsaure durch eine Kalidiingung (KJfO^) fiir 
die Eeimpflanzen mobil gemacht -wird.^ 


^ Ein nilheres Stadium der zitierten Arbeit zeigt aber, dass dies nur bei 
Kaliumnitrat der Pall war und dass bei Verwendung von Kaliumcblorid sogar 
eine kleine Depression der aufgenommen P 2 O 5 bemerkbar ist. 
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Engels faiid in Keimpflanzenuntersnchiingen nacli der Nen- 
bauerschen Methocle, dass ein Zusatz yon Kainit die Pi) 05 - 
Anfiiahme meistens dentlicb. erhohte. Er will aber daraiis keine 
fiir die Praxis sicliere Scliliisse ziehen. 

Chapman (1936) schliesst nach Eesultateii von Gefiissver- 
suclieii, dass pliysiologisch saure Stickstoffdiiiigemittel die 
Pbosphatziigaiigliclikeit in kalkreicben Boden erboben, iind v, 
Wrangel (1926) land in Laboratorienuntersuchungen, dass in 
Neiitralsalzlosiingen die PgO^-Loslicbkeit von tertiarem Ca- 
Pbospbat grosser war als in destilliertem Wasser, iind zwar, 
dass diese Loslicbkeit bei Ammonium salzen starker war als bei 
Alkaliesalzen und dass weiter die Sulphate irn allgemeinen eine 
starker Idsende Wiidcung ausiibten als die entsprecbeiiden Chlo- 
ride. Ahnlicber Meinung war schon Greaves (1910), als er 
scbrieb: »Sodiumsulphate, calciumsulphate, ammonium sulphate, 
ammoniumchloride, ammoniumnitrate, and magnesiumnitrate 
render phosphates more soluble » und weiter, dass »the effect 
of magnesium sulphate, sodiumchloride, magnesiumchloride and 
potassiumchloride is small or varies with the different phos- 
phates. » 

Prey (1933) hat die Phosphatloslichkeit in einein alten Kali- 
diingungsversuch gepruft und fand dabei in den kaligedixngten 
Parzellen eine grossere Quantitilt losliches P und dies war 
gaiiz besonders der Pall, wenn KCl verwendet worden war. 

Die alten Untersuchungen von Cameron u. a. (1904 & 1907) 
werden jedoch von den bier erwiilmten Resultaten nicht tiber- 
zeugend widerlegt. Sie werden iin Gegenteil von mehreren 
neueren Arbeiten und auch von unseren eigenen Untersuch- 
ungen bestatigt. So fanden z. B. McGeorge und Breazeale 
(1931) wenn sie den Boden mit KCl-Losungen behandelten, die 
in Tabelle 4 wiedergegebenen Daten.. 

Blanck und Mitarbeiter (1931) haben fiir Kalidiingung in 
Gefassversuchen mit schwach gepuffertem Odersand eine klei- 
nere Depression des Ernteertrages erhalten, die auf Phosphat- 
festlegung znriickgeht. 

Es gibt auch Keimpflanzen-Untersuchungen, die im Gegen- 
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Die Wirkiing* von Kaliumchlorid auf die Loslichkeit von 
Bodenphosphaten. 


AVassriger 

Bodenextrakt 





^!oo PO 4 in 
Losung 

... 1,2 


» 

KCl 

1 

g pro 

Liter . 

... 0.3 


» 

» 

2 

» » 

)> , 

... 0,2 



» 

10 

» }} 

» , 

. . . Spur 


» 

» 

20 

j> » 

}> , 

. . , Spur 

» 


» 

60 

» » 

» 

. . . Spur 


satz zu den oben erwahiiten von Engels eiiie dentliche De- 
pression der aufgenommeiien Pliosphorsaure bei EoO-Znsatz 
zeigen (Keoss 1927, Yergl. auch Lohse 1930). Die folgende 
Tabelle (Tab. 5) ist nach den Daten von Keoss anfgestellt. 


Tahelle 5. 

AVirkung der Kalidiingung auf die Aiifnahme von Phos- 
phor s a u r e . K e i m p f 1 a n z e n m e t h 0 d e . 



Kali- 

Boden aus Dahlliem 
(Schwach humoser 
lekmiger Sand) 

Boden aus Markee 
(milder Lehmbodeii) 

i 

rhospliat- 





dung- 

ing 


Zu- Oder Ab- 


Zu- Oder Ab- 

diingung 


P 2 O 5 Auf- 

nahme bei 

P 2 O 5 Auf- 

nalime bei 



nalime 

KaO-Bungung 

nabme 

KaO-Dimgung 

Nur Boden- 

0 

6,4 

— 

9,8 

— 

pliospkor- 

1 K 

5,9 

-0,5' 

^,7 

- 1,6 

siiure 

2 K 

6,5 

■f 0,1 

6,4 

-2,9 

Bodenplios- 

0 

18,4 

— 

14,5 

— 

pliorsaiire + 

1 K 

15,9 

-2,5 

12,7 

- 1,8 

20 mg P 2 O, 

2 K 

15,7 

-2,7 ' 

11,0 

-3,6 

BodenplioS" 

0 

24,5 

1 

14,6 


phorsaure-f 
40 mg P 2 O 5 

1 K 

20,6 

-4,0 

13,3 

1,3 
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Diese Arbeit zeigte ausserdem, dass eine mit der Kali- 
duiigiiiig* gleiclizeitige Stickstoffgabe die be- 

giinstigt. Ill melirereii Fallen ergibt jedocli die Steigeriiiig 
der KaO-Dliiigung aiich bei gleichzei tiger IST-Gabe eine De- 
pression der anfgenominenen Phosphorsaure. 

Lohse & Euhnke (1933) haben die Phosphatlosliclikeit von 
Mono- und Dikalzitimpbosphaten in der Ackerkrnme eines 
Bodens aus Charing Cross, Kent County, nnter Zusatz inelirerer 
verschiedenen Diingersalze untersucht. Die Phosphatunter- 
siichungen sind nach der KHS 04 -Methode gemacht. Durcli- 
gehends wird das Ca(H 2 P 04)2 aq. in der Bodensnbstanz starker 
festgelegt als GaHPO^ 2 aq. Die Nentralsalze, ii. a. KCl 
und das Ammoniumsulphat, verursachen alle eine Abnalime 
der wiedergefundenen Phosphorsaure, wahrend basische Diinge- 
mittel z, B. Kalkstickstoft* beim erstgenannten eine kraftige 
Zunahme bewirken. 

Dass verschiedene Forscher abweichende Eesultate fiir die 
Wirkuiig der Salze auf die Loslichkeit der Phosphate, resp. 
auf die Festlegung der Phosphorsaure im Boden bekommen 
haben, wird aus den obigen Daten deutlich hervorgehen. 
Buehker (1932) macht eine Zusammenstellung der qualitativen 
Eesultate einiger Forscher, die hier wieder gegeben wird. Die 
P-Loslichkeit aus Kalziumphosphaten in einigen Salzlosungen 
wird als mehr oder weniger loslich in Vergleich zu derjenigen 
in destilliertem Wasser angegeben. 

Diese Tabelle konnte an Hand der oben erwahnten Daten 
leicht erganzt werden. Der zitierte Autor schreibt, iiachdein 
er konstatiert hat, dass die betreffenden Angaben in der Li- 
teratur » somewhat conflicting» sind: »Soine investigators find 
that a certain salt increases phosphate solubility while others 
find the opposite to be true.» 

Worauf beruht nun diese wenig ermunternde Unstimmigkeit 
der bisher vorliegenden Daten? Natiirlich zu gewissein Grade 
auf der angewandten TJntersuchungsmethodik, aber zweifels- 
ohne liegt darin nicht die ganze Wahrheit. Beim Arbeiten 
mit Boden spielen nach der Meinung des Verfassers die Yer- 
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Tahelle 6, 

Die I.oslichkeit *von Kalziiimphosphateii in Neiitralsalz- 
losungen (naeh Buehheh). 


S a I 5! 

Caimekon 
k Kell 

A 11 t 

Greaves 

0 r 

V. Wean GEL 

McGeorge & 

BREAZEALE 1 

1 

KCl 

weniger 

weniger 

mehr 

i 

weniger 

NaCl .... 

mchr 

weniger 

mehr 

weniger 

CaC'-ls .... 

\V(^niger 

viel weniger 

— 

weniger 

Na-NOa .... 

luclir 

ctwas melir 

mehr 

— 

Ca(N<);)a . . . 

weniger 

weniger 

— 

— 

.... 

— 

melir 

mehr 

weniger 

(NH;)aSO.i . . 


me hr 

mehr 



CaSO,, .... 

inchr 

weniger 

— 

W’eniger 

CaCOa .... 

weniger 

1 

— 

— 

weniger 


scliiedeiiheiten der Boden eine grosse Eolle. Eatiterbebg 
(1931 & 1932) betont, dass beim Benrteilen der Pliosphatfest- 
legung eiiies Bodens vor allem die physikalisclie Bescliaffenlieit 
desselbeii beriicksichtigt weixlen muss, wobei es besouders dar- 
auf ankonnnt, dass die kolloidaleii Mineralbestaiidteile quanti- 
tativ bestiiimnt werden. Die organisclien Bestandteile scbeinen 
dabei iiicht besonders beriicksichtigt worden m seiii. 

Nafciiriich siiid die. rein physikalisclien Ei gen scbaf ten des 
Bodens, d.li* in dieseni Palle seine Textur imd Mikrostruktur, 
von grosser liedeutung, aber die grbsste Wirkiing auf die 
Phospliatfestlegung werden doch die physikaliscli-chemischen 
Eigenseliaften der verscliiedenen Boden liaben. 

Bei einenr vorbereitenden Untersuehung (Eriksson 1938) hat 
der Verfasser feststellen konnen, dass auf einem saiiren phos- 
phatarmen Lelmiboden die Phosphatfestlegiing ans Superphos- 
phat bei Vennischung desselben init 40-prozentigem Kalisalz 
gesteigert wurde. In gleicher Eichtung gehen die Durch- 
lassigkeitsversuche von Mibgley (1931), die ergaben, dass das 
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Sickerwasser weniger Pliospliorsilure enthielt, wemi der diircli- 
^ickerte Bodeii mit eiiier Mischiing von Superpliospliat mid 
K 2 SO 4 gediiiigt war als bei Diingung mit blossem Snperplios- 
phat. Eriksson hat diese Erscheinmig mit den Befnnden von 
Ma.ttson (1928) iiber Aktivierung von Ee nnd A1 dnrch ITentral- 
sake in Ziisainmenhang gebracht. Die positive Wirkiing eines 
Neutralsalz-znsatzes bei der Anslosnng dieser beiden Metalle 
ans dem Boden ist anch in dentlicher Weise von Paver nnd 
Marshall (1934) gezeigt worden. Eigene Untersuchungen be- 
stiitigen diese Tatsaehe. 


Vorbereitende Untersucliiingeii. 

Die Boden, mit denen wir hier anfangs arbeiteten, sind saure 
Lehmboden, die etwas gyttjahaltig sind nnd die relativ viel 
aktives Eisen enthalten, Der Phosphatbedarf sowie die Plios- 
phatfestlegnng dieser Boden ist stark nnd seit Jahren arbeiteten 
wir am hiesigen Institnt fhr allgemeine Ackerbanlehre an dem 
Problem, diese Schwierigkeiten zn bemeistern (Torstensson & 
Eriksson 1938). Um so interessanter war es, als wir 1938 in 
einem dui’ch die obenerwahnte praliminare Untersnchnng ver- 
anlassten Gefassversnch, konstatieren konnten, dass der Phos- 
phatmangel der Pflaiizen anf diesen Boden durch Kalidtingnng 
gesteigert wnrde. 

Dieser Gefassversnch (Nr. 27, 1938) wnrde in Mitscherlich- 
gefiissen nach einem Plan dnrchgefiihrt, der steigende Mengen 
Snperphosphat resp. 40 %-iges Kali vorsah. 


Plan des Gef assversuches Nr, 27, 1938. 


2 

4 

6 

8 


0 2 4 6 10 


■g 40?i>-iges Kali pro Gefiiss. 


g 20 %-iges Superphosphat pro Oefass. 
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Tahelle 7. 

Kornertrag des Versnches 27/1938. g. Tr ockens ubstanz 

pro Gefass. 


Diingung pro Gefass 


g 40 %-iges 

Kali pro Gefass 

Siiperi>liosphat g 

0 

2 

4 

6 

10 

Durchschn. 

2 

7,27 

6,10 

3,83 

2,17 

2,19 

4,31 

4 

12, ID 

6,92 

4,84 

4,74 

2,26 

6,19 

6 

18,96 

13,24 

7,58 

5,92 

3,71 

9,88 

1 

14,74 

18,10 

1 

10,54 

10,04 ; 

2,48 

11,19 

Durchsclinitt 

13,20 

11,11 

6,70 

5,72 

2,66 

7,89 



Bia-gramm 1. 

Stereometrische Darstelluiig des Ernteertrages von Versncli 27/1038. 
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Aiisser der Versnchsdiingmig warde nocli 3,5 g AmmoniiiiE- 
iiitrat pro Gefiiss gegeben. Der Bodeii, der, nacli der N. J. Fd- 
Nomexiklatur, als ein hiiniiislialtiger bis hmxiiisreiclier, scbwerer 
Lehruboden iiiit Ideiner Beimischang von Gyttja bezeiclinet 
werden kann, wnrde benutzt, ohne dass Znsatzmittel m seiner 
physikalischen Verbessernng gegeben wox'den wareii, Der 
pH- Wert des Bodens war am Anfang des Versiicbes 5,0. Als 
Yersuclispflanze diente Gerste (Svalofs Goldgerste), die sich 
ill friilieren Versuchen als ein guter Indikator des Phosphat- 
znstaiides dieser Boden erwieseii hatte. 

Sclion in einein sehr frtilien Stadium der Pflaiizenentwick- 
lung war deutlich zu selien, dass bei gleiclier Pliosphatdtingnng 
die kaligediingten Gefiisse schwacher entwickelt waren als die 
niclit kalidiingten, nnd zwar nm so scbwaclier, je mebr Kali 
sie bekommen batten. 

Diese von der Kalidtiognng verursachte Depression war 
wiihrend der gaiizen Vegeta tionsperiode an der vegetativen 
Entwicklnng der Pbanze klar zu seben und spiegelte sich anch 
ini Kornertrage deutlich ab. Abb. 1 zeigt die verschiedenen 
Gefasse gleich nach dein Schossen. Der Eriiteertrag wird in 
der Tabelle 7 und in Diagramm 1 wiedergegeben. 

Der mittlere Peliler der Diflferenz zwischen den Koliimnen 
der Tab. 7 ist ± 1,79 und zAvischen den Eeiheii ± 1,60. Die 
Ausrechnimg ist nacb der in Torstensson & Erikssok (1938 a) 
bescbriebenen Metliode ausgefithrt worden. Dass eine Stei- 
gerung der PboHpbatdiinger bei dieseni phosphatbediirftigen 
Boden eine BrluUiung des Brnteertrages verursachte, war nur 
zu erwarten. Aber dass die Kalidtingung eine so kraftige nnd 
durchgobende Depression verursachte, ist um so bemexdcens- 
werter mid sehr interessant. Die Differenz 6,59 + 1,79 zwischen 
0 und 4 g 40 %-iges Kalisalz pro Gefass ist ganz siclier, und 
nocb grosser wird die Differenz zwischen »Obixe Kali» und 
den grosseren Kaligaben. Das Diagramm zeigt auch anschau- 
licli, wie die Steigerung der Kalidiingmig dnrchgehends eine 
sukzessive Depression des Brnteertrages verursacht. Dass es 
^ In 0])ers(‘ts5ving: Verein Nordisclier Lirntwirtscbaftlicter Forsclier. 
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sicli nicht nni eiiie Kalivergiftiing liandelt, diirfte ja ersteiis 
aus den relativ kleiiieii absoluteii Mengen der Kalidiingiing* 
hervorgelien nnd zweiteris wird eine solche Vernintung diirch 
die Versiiche des Jalires 1939 widerlegt {siehe Seite 106). 

Im Jalire 1939 wurde die Nachwirkmig der Dlingung von 
1938 gepriift. Die Festlegung der kleinereii Mengen Phosplior- 
siiure war wiilirend der z;wei Jakren beinahe absolut geworden 
und der Kornertrag war, wie Tabelle 8 zeigt, bei den massig 
P-gediingten ganz nnbedeutend. Bei 8 g Superphosphat findet 
man aber Gefiisse, die einen bedentend besseren, obwohl noch 
niclit normalen Ertrag zeigen. 

Die einzige Peihe in diesem Versnch, die eine so grosse 
Brnte gegeben hat, dass man irgendwelche Schliisse daraus 
zieheii bann, ist die letzte init 8 g Superphosphat. Es geht 
aus ilir hervor, dass eine kleine Kaligabe eine Erhohting des 
Ernteertrages bewirkt, die hoheren Gaben aber Abnahmen ver- 
nrsachen. Dies ist kein Zufall und dieses Problem wird in 
Zusammenhang mit den Versuchen von 1939 eingehender 
diskntiert. 


Tabelle 8. 

Nachwirkung des Versiiclies 27/1938 in Jahre 1939. 
Korn ertrag an Gerste in g pro Gefass. 


g Bnperplios- 


g 40 %'iges Kali pro Gofiiss 


pliiit pro Ge> 

■ - ' 

— — 

— ' - " - - ■- 

- 


fiiss 

0 

2 

4 

(> 

10 

2 

0,53 

0,66 

0,80 

0,95 

0,69 

4 

0,76 

0,56 

0,83 

0,95 

1,38 

6 

2,84 

2,94 

1,77 

1,81 

2,74 

8 

3,50 

5,26 

00 

2,16 j 

1,21 


Zu den Daten des Versnches 27 der beiden Jahre sei nur 
noch hinzugefiigt, dass die Ertrage von Stroh etwa in der 
gleichen Eichtung gehen wie die hier angegebenen Kornertriige. 
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Gefassversiiche ini Jalire 1939, 

Im Sommer 1939 wurden die Unterstichungen erweitert. 
Grossere Versuclie wurden angesetzt und die Eesultate des 
Jalires 1938 wurden aucli an einigen anderen Boden iiacli- 
gepriift. Der vollstiindigste Versuch wurde auf demselben 
Boden durcligeflilirt wie Yersucli 27/1938. Dieser Versuch 
10/1939 wurde nieht wie der vorher besprochene in Mitscher- 
lichgefassen, sondern in Tonrohren^mit einer lichten Weite von 
15,5 cm und einer inneren Lange von 61 cm durchgefiihrt. 
Bine naliere Beschreibung* dieser selbstfabrizierten Geftisse ist 
ill der schon zitierten Arbeit von TonsTENSsoisr und Brikssoi^’ 
(1938 a) gegeben. Als Versuclispflanze diente auch diesinal 
Svalofs »Goldgerste». Der Versuchsplan war wie folgt: 

Versuch 10/1939. 

Gefiiss Nr. Vorsiiclisdiingnng pro Clefilss. 


1 

2 

g 

Superphosphat (gewobnliches) j 


2 

4 

g 

M 




() 


» 



4 

8 



» 

1 

bis zii 10 cm 

5 

10 

g 



Tiefe einge- 

0 

2 

g 


T> + 4 g 40 % Kalisalz 

^ mischt. 

7 

4 

g 


» » 


8 

6 

g 

>) 

» » 


9 

8 

g 

» • 

» . » 


10 

10 

g 

» 

3 > » 


11 

2 

g 

» 

» 


12 

4 

g 

» 



12 

(J 

g 

» 

» 


14 

8 

g 


» 

in einer 

15 

10 

g 


» 

■ Scbiebt bei 

16 

2 

g 

» 

» + 4 g Kalisalz 

6 cm. 

17 

4 

g 

» 

» » 


19 

6 

g 


» » 


19 

8 

g 

» 

9 » 


20 

10 

g 


» » 
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Gefiiss Nr. Versuchsdiingung pro Gcfiiss. 


21 

2 g Snperphosi>liat (gekorntes) 1 


22 

4. g 

3> 




23 

6 g 

» 

J» 



24 

8 g 

» 

J> 








bis zu 10 cm 

26 

10 g 

A 

If 








‘Tiefe einge- 

26 

2 g 



+ 4 g Kalisalz 

miscbt. 

27 

4 g 

» 

» 



28 

6 g 

» 

» 



21> 

8 g 

» 

» 

>> 


30 

10 g 

» 

» 



31 

2 g 

» 




32 

4 g 


» 



33 

6 g 

- 

» 



34 

8 g 

« 

» 




1 0 o* 




in einer 

oo 

iU g 




Scliicht bei 

36 

2 g 


» 

+ 4 g Kalisalz j 

6 cm. 

37 

4 g 



>> 


38 

6g 

» 

» 

» 


39 

8g 

» 


» 


40 

10 g 


» 

}> 


41 

4 g Kalisalz + 14 

Tage spilter 2 g gew. Buperph. 

bis zu 10 cm 






eingemischt. 

42 


» 


4 g 


43 


» 


6 g » 

» 

44 



» 

8 g » 

» 

45 


» 

» 

10 g 

j) 

46 


» 


2 g gekijrnt. Buperpb 

» 

47 




4 g 


48 


» 

» 

6 g » 


40 


» 

» 

8 g » 

J> 

60 


» 

» 

10 g 


51 

2 g Kalisalz + 4 g gew. Suiter j)hosphat 

?) 

52 

4g 

» 

» 


>> 

63 

6g 

» 



» 

54 

8g 

5> 

» 


H 

56 

lOg . 

» 
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Crefiiss Nr, 



Versucbsdimgung pro Gefass. 

56 

2 g Kalisalzd-l g gokornt, Superi>bosphat 

57 

4 g 


x> 

58 

0 g 

)> 

» 

59 

8g 

» 

)> 

60 

10 g 

» 

» 

6i 

2g 


+ 8 g gew. Siiperphospbat 

62 

4g 



63 

6 g 

a 

» 

64 

8 g 

» 


66 

10 g 

» 

;) 

66 

2g 


+ 8 g gekornt. Superphospliat 

67 

4g 

» 

f> 

68 

Cg 


» 

69 

8g 

» 

» 

70 

lOg 


» 


bis zu 10 cm 
eingemischt. 


» 

a 

» 


» 

}> 

» 


111 alien Fallen, in denen Superpkospliat und Kalisalz gleich- 
zeitig gegeben wurden, wnrden diese beiden Diingemittel vorber 
mit einandei' vermisclit. Ein paar Serien sind aucb mit auf- 
geiiommeii, in welclien das Kali 14 Tage vor der Pbosphor- 
saure gegeben wurde. In diesem Falle wnrde der Boden scbon 
vor der Kalidiingung mit Wasser bis zu 60 % der Wasserkapa- 
zitat vea\setzt. In den Serien, wo der Diinger in einer Schicht 
von 5 cm Tiefe gelc^gt wurde, ist daratif geachtet worden, dass 
bei der Baat diese Scliicht niclit zerstort wnrde. 

Die Kornergrosse des von uns in diesem Versnch benutzten 
gekornten Siiperpliospliats bewegte sich zwischen 1 — 4 mm. 

Der Ubersiclitlichkeit halber wird bei den folgenden Eroi^te- 
ruiigen Versnch 10/1939 in drei Teile zerlegt, die 10 a, 10 b und 
10 c bezeiclmet werden. Zu 10 a werden die Serien mit steigen- 
den Mengen gewohnlichen Superphosphats, zu 10 b die mit 
steigenderi Mengen gekornten Superphosphats und zu 10 c 
diejenigen mit steigenden Mengen 40% Kalisalze gerechnet. 
Abb. 2 zeigt die Eiitwicklung der Serie mit gewohnlichem 
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Nur Superpli. 
bis zu 10 cm 
cingemiscbt. 



Superph. plus 
4 g Kali zu 
10 cm ein- 
gemischt 



lOg Sg 6g 4g 2g Superphosphat 

Abb. 2. Einbringuiig von gewohnlicliem Superphosphat obne und mit 
Vermischung mit 40 %*igem Kalisalz. 


Superphosphate, etwa 14 Tage vor der Reife bis zu 10 cm 
eingemischt, verglicben mit der Serie, die dazu noeli 4 g 40 % 
Kalisalz bekonimeri hat. Die kraftigere Entwicklung der niir 
phosphatgediingten Momente ist deutlich wahrzunehmeii. Noch 
deutlicher tritt die deprimiereiide Wirkung des Kalis in Abb. 3 
hervorj die den entsprechenden Vergleich zwischen den Serien 
zeigt, in denen der Diinger in einer Schicht bei 5 cm Tiefe 
plaziert wnrde. 

Der Kornertrag in g Trockensnbstanz pro Gefass wird in 
der Tabelle 9 wiedergegeben. Die Ziffern in der Klammer gebeii 
den entsprechenden Strohertrag an. 
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Soperpliosphiit 
in einer fichiclit 
Lei 6 cm. Tiefe. 



Siiperphosphat 
plus 4 g Kiili 
in einer SchicLt 
bei 5 cm. Tiefe. 



lOg 8g 6g 4g 2g SuperphospLat 

Abb. 3. Plazierung von Siipcrpliosphat ohne und mit Vermiselmng von 
40 %-igein Kalisaliz bei 6 cm Tiefe. 


Die Daten der Kornertrage sind auclx in Diagramm 2 gra- 
phiscdx wiedergegeben, nachdem sie naclx einer Parabel von 
der Form 

y — a + hx + 

ansgegliclien worden sind.^ 

Knrve 1 nnd 2 konnen verglichen v^erden. Die dni'chgehends 

^ In der Wirklicbkeit folgen die Ernteertrlige wabrscbeinlicb nieht einer 
ahnlicLen Parabelkurve, aber da es bier nicbt die Absicbt ist, den absoliiten 
Verlanf der ‘Knrven anzugeben^ sondern sie nnr so darzmstellen, dass sie nnter 
sicb vergleichbar sind, ist es zweckmassig, wenn man sicb die Ertragsknrven 
innerbalb der iintersucbten Grenzen als Parabeln vorstellt. 
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Tahelle 9. 

Eriiteertrag des Versuclies 10 a/1939, g Trocken siibstaiiz 
pro Gefass von Korn iinci in der Klammer g liiftir. Stroll. 
Gew oh nl idles Superphospliat. 


Art der Einhringung nnd 
ev. K-Dungung 


P-Diingung 

^ pro Gefass 


2 

4 

6 

8 

10 

Durch- 

schn. 

Siiperpliospliat bis zu 10 cm 

16,03 

16,16 

29,82 

42,48 

39,34 

28,6 

eingemiseht 

(24) 

(17) 

(28) 

(38) 

(34) 


Superphospliat und 4 g Kali 

6,14 

8,91 

22,02 

25,61 

30,45 

18,6 

bis zu 10 cm eingemiseht . 

(13) 

(16) 

(25) 

(28) 

(30) 


Superphosphat in einer Schicht 

31,68 

41,47 

48,23 

50,06 

61,60 

46,6 

bei 5 cm Tiefe 

(321 

(43) 

(46) 

(47) 

(58) 

i 

Superph. und 4 g Kali in einer 

18,55 

31,91 

34,11 

33,48 

46,33 

32,9 

Schicht hei 6 cm Tiefe . . 

(21) 

(36) 

(36) 

(41) 

(50) 


4 g Kali und 14 Tage spiiter 

3,83 

7,90 

17,26 

27,67 

29,83 

17,3 

Superph. his zn 10 cm . . 

(T) 

(11) 

(21) 

(3(1) 

(31) 



iiiedrigere Ernte bei Kurve 2 bernht auf der negativen Wir- 
knng des Kalidtiiigers. Ebenso Mar liegt die entsprecheiide 
Wirkung bei einem Vergleich zwisclien den Kiirven 3 nnd 4 
am Tage. Dass diese beideii lioher liegen als die beiden 
erstgenannten, steht ganz in tJbereinstimmung mit iinseren 
friiheren Untersncbungen (Tokstensson & Eriksson 1938) imd 
ist eine gute Bestiitigung der damaligen Resultate, die ergabeii, 
dass die techniscli ricbtige Applizieriing des Diingers flir die 
Wirkung desselbeii von grosster Bedentung ist. 

Dass es sich in den kaligediingten Serien um Phospliat- 
mangel handelt nnd nicht nm Kalivergiftnng — das letztere 
ware auch bei so kleinen Ealigaben auf diesem sehr stark ge- 
pufferten Boden nnmoglich — ist ganz klar, da Kurve 4 ebenso- 
viel Kalisalz reprasentiert wie Kurve 2, aber trotzdem lioher 
verlauft als Kurve 1. Wenn man, wie der Verfasser immer 
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Diagramm 2. Versuch 10 a/1939. 

1. Superph. bis nu 10 cm eingemiselit. 

2 . Huperph. 4- Kali bis zu 10 cm eingemischt. 

3. Supcrpb. in einor Scbicbt bei 5 cm Tiefe. 

4. Snporpb. 4- Kali in eincr Bcbicbt bei 6 cm Tiefe. 

5. Zuerst Kali, 14 Tage spater Superph. bis zu 10 cm eingemischt. 
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nocli meiiit, aniiehmen kann, dass das Eisen und Almiiiniiim 
des Bodens von dem KCl des Kalidiingers aktiviert wird, konoen 
diese Erscheinungen erklart werden. Audi der niedrige Ver- 
lauf der Kurve 5 konnte dann dadurcli erklart werden, dass 
das Kalisalz in diesem Falle langere Zeit fur seine Wirkuiig 
anf die Eisenverbindungen n. a. des Bodens gehabt hat, so dass 
die Phosphorsanre sofort nach der Einmischung im Boden als 
Eiseiipliosphat n. dgl. anstatt z. B. als Kalziumtriphosphat fest- 
gelegt wird. 

Die Differenzen zwischen den Durchschnittszahlen der Reihen 
in Tabelle 9 liat einen naittleren Eehler von ± 3,20 d. h. bei 
Einmischung bis zu 10 cm Tiefe hat die Kaligabe den Korner- 
trag urn 10, o ± 3,26 g imd bei Plazierung bei 5 cm um 13,7 ±. 
3,26 g gesenkt. Die Differenzen sind also sicher. Beiin Ver- 
gleich zwischen »Superphosphat plus Kali, bis zu 10 cm ein- 
gemischt», und »Snperphosphat allein in einer Schicht bei 
5 cm Tiefe » — die Differenz ist 28,0 ± 3,26 — verdient es 
beachtet zu werden, dass es sich um dieselben Mengen ge- 
wohnlichen Superphosphats handelt. 

Derselbe Versuch ist in Versueh 10 b/1939 mit gekorntem 
Superphosphat wiederholt. Die Phosphatinengen pro Gefass 
waren in diesem letzteren Versuche in bezug auf wasser- und 
zitratlosliclies P 2 O 5 Equivalent zn denjenigen des vorher be- 
schriebenen. Die Ernteertrage sind in Tabelle 10 wieder- 
gegeben. Die Ertriige an Stroh, sind, um die Tabellen hand- 
licher zu machen, in diesem und den meisten der folgenden 
Versuchen nicht mit aufgenomnien. Es muss jedoch gesagt 
werden, dass dieses Auslassen der Strohdaten nicht auf die 
Auflfassung der Resultate einwirkt. Im Gegenteil bestatigen 
diese die Schlussfolgerungen, die aus den Korndaten gezogen 
worden sind. 

Die Daten des Versnches 10 b/1939 sind, nachdem sie in 
der frliher beschriebenen Weise ausgeglichen woi'den sind, in 
Diagramm 3 dargestellt. 

Auch hier begegnet dasselbe Bild. Der Kalizusatz bei Ein- 
mischung der Diinger bis zu 10 cm hat den Kornertrag dorch- 
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Tahdle 10, 

ID'iitecrtrag des Versiichcs lOb/1939. g Trockensiibstaiiz 
pro C;efass. Gekornles Superphospbat. 


Art der Einbriiignng und 



r*Dungung g 



ev. K-Diingiuig 

2 

4 

6 

8 

10 

Diireli- 

schn. 

bis zu 10 cm eiugcmiscbt . . 

22,52 

25,56 

42,35 

54,1)9 

54,41 

39,9 

mit 4 g Kidi bis zu 10 cm 
cingemischfc 

10, 8(; 

28,17 

37,83 

44,23 

50,07 

34,2 

in einer {8chiclii' bei 6 cm Tiefe 

34,88 

53,75 

64,11 

40,51 

1 

58,18 

50,3 

mit 4 g Kali in einer Seliiclit 
bei 5 cm Tiefe ...... 

15,56 

33,78 

30,88 

1 

37,95 

48,28 

34,5 

4 g Kali und 14 TTige spiiter 
Sup(‘rpli()spbat l)is zu 10 cm 

5,08 

20,75 

1 

23,71 1 

26,19 

30,87 

21,3 


sclniittlicli 11111 5,7 ± 4,23 lierabgesetzt und bei PlazieriiBg* der 
Diiiiger in einer Scbicht bei 5 cm Tiefe wnrde der Ertrag 
durcliscliiiittlich nm 15,8 ± 4,23 gedriickt. Ancb in diesem 
Versiiche liiuft die Kiirve ftir die Eeibe niit der 14 Tage vor 
der Phospliatdiingung gegebenen Kalidlingimg am niedrigsten. 
Die Erkliirniig des Verluiltnisses zwischen den Kurven ist iia- 
ttirlich dieselbe wie in Versuch 10 a. 

Uin einen Vergleieli zwischen den Eesultaten der Versnche 
10 a iind 10 b zii erleiclitern, ist die Bisektrix des Origowinkels 
aiif beiden Diagramiiien eingelegt worden. Ein derartiger Ver- 
gleicli dass die Kiirven des letzten Versiiches holier liegeii 

als die des erst(3n. Dies bernht, wie schon in der vorher zitierten 
Arbeit (Toestensson & Eriksson 1938 a) gesagt wnrde, aiif der 
Uberlegenheit des gekdrnten Superphospliats anf derartigen 
Boden. 

Ill Versuch 10 c/1939 wnrde die Phosphatgabe innerhalb der 
Serieii konstant gehalten, wahrend die Kalidlingnng gesteigert 
wnrde. Das Brgebnis dieses Versnches ist in Tabelle 11 nnd 
Diagramm 4 vorgefiihrt. 

Die snkzessive Abnahme der Ernte bei steigendem Kalizn- 


O C. ^ S 4^ 


45 * 


4 ^ 



y. '^u/o^rpho&>phQt pro Oe/a^-S. 

Diagramm 3. Yersuch 10 b/1039. 

1. Superph. bis zu 10 cm eingemiscbt 

2. Superpb. + Klali bis zu 10 cm eingemiscbt. 

3. Snperpb. in einer Scbicbt bei 5 cm Tiefe. 

4. Superpb. + Kali in einer Scbicbt bei 6 cm Tiefe. 

5. Zuerst Kali, 14 Tage spater Superph. bis zu 10 cm eingemiscbt. 
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Duigniiiim 4. Versuch 10 (‘/1939. 

1 . 4 g gCAV. kSn]>eri)hos|)hafc l)is zii 10 cm eiugemisckt. 

2. 4 g gckonit. 8uperpliosphat bis m 10 cm emgeiniselit. 

3. 8 g gew. Sup(‘rphospliat bis zn 10 cm eingemischt. 

4. 8 g gckiirnt. fSnperphosphat bis zu 10 cm eingemisclit. 

satz ist in alien vier Eeihen dnrchgeliend, Eine direkte Eali- 
vergiftiing bommt anch bei der hocbsten Ealimenge kaiim in 
Erage. Bs kann in dieser Beziehnng daran erinnert werden, 
dass der Boden ein stark gepufferter schwerer Lebmboden ist. 
Anssei’dem liegt ja in Tab. 11 der niedrigste Wert der letzten 
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Tahvlla 11, 

I^rnteertrag des Versiiches 10c‘/1939. g‘ Trockensiibstaiiz 

pi'o Gefass. 




K a 

lid ii 

11 g u 

n, g 


Ph ospliiitd u n gun g 

2 

4 

6 

8 

10 

Durcb- 

sclm. 

4 g gewohnl. Sux:)erpliosphat 
bis '/AX 10 cm 

20,22 

14,50 

10,07 

16,20 

6,20 

13,4 

4 g gekorii. SLiper})liosx)hat bis 
zu 10 cm 

26,81 

25,87 

20,54 

8,01) 

8,55 

18,0 

8 g gewohnl. Snperphosxihat 
bis zu 10 cm . . • . . . . 

83,06 

31,60 

18,11 

25,40 

20,85 

26,0 

8 g gekornt. Superpbospbat bis 
zu 10 cm 

49,81 

35,07 

32,58 

26,66 

23,09 

33,7 

1 

Durebsebnitt 

32,5 

27,0 

20,3 

19,3 

14,8 



Eeihe hoher als der hochste Wert der ersten Eeilie. In dieser 
Tabelle ist der mittlere Fehler der Dijfferenz zwisclien den 
Dnrclascliiiittszahlen zweier Kolumnen + 3,24 und der zweier 
Eeilien ± 2,89. 

Auch bier ist die Uberlegenbeit des gekornten Diingers dent- 
Hell wahrzunehmen. Eine Anzahl Kornerproben von Versncli 
10 a, b und c sind auf dem Totalgehalt des aufgenoinineneii 
P 2 O 5 und KjO untersucht worden. Die Analysendaten, in denen 
Meinere Sebwankungen vorkoinmen, zeigen keine regelmiissige 
Veranderungen im prozentiiellen Inlialt von P 2 O 5 und KjjO. 
Die anfgenomnienen Mengen dieser beiden Nalirstoffe scheinen 
also, so-weit man aus den Kornanalysen sehliessen darf, pro- 
portional zu dem Ernteertrag zu sein. 

IJm das Problem etwas weiter zu beleuchten, wurden im 
Sommer 1939 ahnlicbe Versnehe wie 27/1938 auf einigen Boden 
in geivohnliclien Mitscheriicbgefassen durcbgeftibrt. Die Num- 
mer dieser Gefassversuche waren 4, 5, 11 und 12. Der eine 
Boden, Versuch 4/1939, vt^ar ein Humusboden — Gliihverlust 
50,8 % und pH-Wert 5,1 der in einem frlilieren Peldversucli 
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eiiieii grosseii Aiissclilag fiir Pliosphorsaiire, aber eiiien iieg*a- 
tiveii fiir Kali erg-eben liatte. Der Boden voii Versucb 5/1939 
war ebi huiimsarmer, mogemiscliter mittelschwerer Lelimboden, 
also ein reiner Miiieralboden, von guteiii Kalkziistaiid nnd einem 
pH- Wert von 7,7. Der Boden, der in den Versncheii 11/1939 
nnd 12/1939 benntzt wurde, ahnelte dem Boden des oben be- 
scliriebenen Versnehes 10, d. h. er war ein mittelschwerer Lehm- 
boden init ein wenig Gyttja. Der x:)H-Wert war 5,1. Auf 
dieseni letztgenannten Boden wurden zwei Versnche dnrch- 
gefiilirt, der eine mit gewbhnlicheni pnlverformigen Snper- 
phosphat nnd der andere mit aqnivalenteh Mengen gekorntem 
Snperphos])hats. Der Plan, nach dem die vier Versnche ange- 
setzt wnrden, war: 

Plan der Versnche Nr. 4, 5, 11 und 12/1939. 

0 2 4 G 10 

j 40 %-ige8 Kalisalz pro Gefiiss 


! { 

jg 20 %4ges vSuperphospliat pro Geftiss 

A Is VersnchspHanze diente anch in diesen Versnchen Gold- 
gorste. Ansser der Versuchsdiingnng wurde fiir eine etwa 
optimale Stickstotfgabe gcsorgt, indem 3,5 g Ammoninmnitrat 
])ro Gefiiss gegeben wurde. Sowohl die Versuchsdungung wie 
die Stickstoifdtingang wiii'de in diesen Versnchen gleichinassig 
im ganzen Gefiiss eingemischt. 

Wiihnmd des grbssten Teils der Vegetationsperiode konnte 
man in den Versnchen 4, 11 und 12 ein Optimum der Ent- 
wicklung fur kleinere Kaligaben in jeder Eeihe der verschie- 
deiien Phospliatgaben feststellen nnd dieses Optimnm schien 
sogar mit grosserer Phosphatdiingung in der Eichtung hoherer 
Kaligaben verschoben zu sein. 

8 “"39408. lAmthmkfiMgsholimH Annaler. Vol. 8, 


0 

2 

A 

G 

8 

15 
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Die Emteertrage des Versiiches 4/1939 werden in Tabelle 
12 nnd Diagramm 5 wiedergegeben. Der Phosphatbedarf ist 
somit aiif diesem Boden sehr gi’oss, aber aiicb Ideiiiere Kali- 
mengen scheinen den Ertrag zii begtinstigen. IJnd zwar: je 
mebr Pbospborsanre der Boden bekommeii bat, desto grosser 
ist der Ausschlag fiir Kali und desto weiter nach recbts liegt 
das Maximum der Kurven, d- b. desto mebr Kalisalz kann 
ziigefiibrt werden, obne dass eine negative Wirknng der Kali- 
diingang anftritt. Der mittlere Eehler ist in Tabelle 12 fiir 
die Differenzen zwischen zwei Reihen ± 1,44 nnd zwiscben 
zwei Kolumnen ± 1,31. 


Tahelle 12. 

Kornertrag des Versiicbes 4/1939. g Trockensiibstaiiz 

pro Gefass. 


Pliosphat- 
dimguiig g 


K a 

1 i d ii n g u 11 g g 


0 

2 

4 

6 

10 

Durch- 

schnitt 

0 

6,73 

7,15 

7,07 

6,81 

6,77 

6,7 

2 

26,57 

31,42 

30,88 

29,37 

27,69 

29,1 

4 

35,41 

36,21 

38,99 

40,29 

36,08 

37,5 

6 1 

33,81 

40,86 

43,26 

44,83 

42,29 

40,9 

8 

33,97 

39,49 

44,92 

41,20 

41,16 

40,2 

15 

37,42 

43,08 

40,48 

44,64 

46,58 

42,4 

Durchsclinitt 

29,0 

33,0 

34,2 

34,5 

1 33,4 

! 

32,8 


Versucb 5/1939 zeigt iiberbaupt keine sicberen Diflferenzen 
init Ansnabme zwiscben »Pbospbatgediingt» nnd »Nicbt Pbos- 
pbatgednngt». Die Ergebnisse dieses Versncbes sind in der 
Tabelle 13 zn finden. 

Die Reibe mit 0 g Superpbospbat zeigt eine unerwartet 
grosse Steigernng fiir Kalidiingung. Sonst scbeint das Kali 
nicbt wesentlicb anf das Resultat eingewirkt zu baben. Eine 
negative Kaliwirkung war ja nach den bier lancierten Theorien 
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Tahelle 13. 

Kornertrag des Versiiclies 5/1939. g Trockensiibstanz 

pro Gefass. 


Phospliat' 
diingUBg g 


K a 

1 i d 11 n g II n g g 


0 

2 

4 


10 

Durcb- 

sclinitt 

0 

5,60 

24,62 

34,43 

33,02 

32,41 

26,0 

2 

40,55 

41,92 

46,00 

41,12 

40,22 

41,8 

4 

41,36 

43 , / 3 

45,50 

43,67 

45,24 

4 3. ,9 

6 

42,16 

46., 47 

36,69 

42,03 

42,78 

42,0 

i s 

45., 41 

44,82 

45,49 

41,02 

42,77 

43,9 

16. 

45,74 

38,32 

CO 

46,60 

45,12 

42,8 

Durcbsehnitt 

36,8 

40,0 

40,9 

1 41,2 

41,4 

40,1 


aiif diesem reinen Mineralboden, der beinahe Ca-gesattigt ist, 
nicht zu erwarten. 

Die Versnche 11 mid 12 werden am besten beide zusammen 
besproclien, da es sich um denselben Boden Iiandelt. Die Re- 
snltate dieser beiden Versuclie sind in den Tabellen 14 tind 15 
sowie in den DiaoTanimen 6 resp. 7 wiedergegeben. Da es 
von Interesse sein kann, ancli die Strohertriige zu studieren, 
sind diese fiir Versuch 11 in der Tabelle mit aufgenoininen. 
Die Strobertriige des Versuches 12 gelien inderselben Eichtung. 

Die Resultate der beiden Versuche sind eiiiander sehr ahin 
licli, niir dass das gekornte Siij^erphospbat durcbgebends etwas 
liohere Emten ergeben liat. Audi die Kurven der beiden Dia~ 
gramme sind einander sehr ahnlich. Wenn wir zuerst die 
kleinste Phosphatgabe der beiden Versudie, 2 g pro Gefiiss, 
betrachten, fiiiden wir, dass die Kalidiingung eine Depression 
der Ernte verursaeht. Die Erklarung wird hier dieselbe sein 
wie in Versudi 10. Da entsteht die Frage: Wie konimt es, 
dass die Kurven fiir hohere Phosphatgaben auf demselben 
Boden eine deutlidie Ertragssteigerung fiir Heine Kaligaben 
zeigen, wahrend bei kleineren Phosphatgaben die Kalidiingung 



Honnc 9- 7>oc 




2a 


7S 


Jo 


S 


Diagniram 6. 

1. Oline Saperpliosphat. 

2. 2 g 

3. 4 g 


Yersiicli 11/1939. 

4. 6 g Superphosphat. 

6. 8 g » 

6. 15 g 





^ Hafiscr/z. 

Diagramm 7. Versueh 12/1939. 

1. Ohne Superi^liosphat. 4. 6 g Superphospliat. 

2. 2 g * 6. 8 g 

3. 4 g » 6. 16 g » 
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Tabelle 14. 

Ernteertrag des Yersiiclies 1 1/1939. g Trockensubslanz pro 
Geftlsss von Korn und in der Klammer g. Infttr. Stroh. 


Phospliat- 


K a 

lidiingung g 


diiDgung g 

0 

2 

4 

6 

10 

Dareh- 

schnitt 

0 

12,74 

9,48 

4,64 

3,27 

2,22 

6,5 


(17) 

(13) 

(8) 

(6) 

(7) 


2 

30,28 

26,61 

21,19 

13,41 

5,64 

19,4 


(33) 

(31) 

(25) 

(18) 

(14) 


4 

19,06 

33,52 

31,46 

14,71 

8,62 

21,5 


(26) 

(30) 

(34) 

(21) 

(16) 


6 

35,07 

39,90 

36,20 

27,84 

17,30 

31,2 

i 

(40) 

(46) 

(42) 

(33) 

(23) 


8 

38,91 

40,67 

42,79 

36,49 

15,79 

34,9 


(48) 

(48) 

(60) 

(42) 

(23) 


15 

40,08 

46,48 

48,27 

42,34 

41,17 

43,5 


(42) 

(53) 

(69) 

(48) 

(44) 


DnrcliBchnitt 

29,4 

32,6 

30,8 

22,9 

15,1 

26,2 


dnrchgehends nine DepresBion herbeifiihrt. Dies wird sehr 
einfacli dadnrch erkliirt, dass der Boden einen Kalibedarf liat. 
Da aber der Phosphatbedarf viel grosser ist nnd bei KCl- 
Zusatz nocb ansgei)ragter wird, kann eine Xalidlingring wegen 
der durcli dieselbe vernrsachten Steigerung des Phosphat- 
mangels ruir eine Depression der Eriite veranlassen. 

Wenn aber genligend Pliosphorsanre vorhanden ist, wird die 
Kalidixngung niir den Mangel an Kali vermindern nnd anf- 
beben, was zii einer Ertragssteigernng fiilirt. Je mebr Phos- 
phorsaure im Boden znr Verfiigung steht, desto mebr Kali 
scheint die Gerste ansnntzen zn konnen. Es liegt also eine 
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TahelJe 15. 

Kornertrag' des Versuclies 12/1989. g Trockeiisu bstanz 

pro Gefass. 


Phosphat- 


K a 

1 i d ii 11 g u n g g 


diiiigiiiig g 

0 

2 

4 

6 

10 

Durch- 

scbiiitt 

0 

16,19 

9,40 

5,73 

4,37 

1,47 

7,2 

2 

29,00 

31,10 

29,50 

21,15 

14,37 

25,2 

4 

35,87 

40,20 

30,02 

31,92 

14,90 

31,9 

6 

38,77 

13,13 

42,74 

44,91 

28,04 

39,5 

8 

29,82 

44,(55 

46,61 

46,14 

35,30 

40,3 

15 

42,20 

44,08 

41,81 

43,88 

42,51 

42,9 

j Diirchscliintt 

31,9 

35,4 

33,9 

j 31, « 

22,8 

31,2 


Tendenz vor, dass das Maximum der Kurven mit steigender 
Superphosphatgabe nach reclits verscbobeii wird. 

Dass man bei den hoheren Kaligaben niclit mit eiiier Ver- 
giftung durch Uberdosierung zu tun hat, wild z. B. beim Stu- 
dium der Kolumnen fiir 10 g Kalisalz in den beiden Tabellen 
Idar. In jedem dieser beiden Fiille bekommt man bei Steigerung 
der Phosphatdungiing eine enorme Steigerung des Ernteer- 
trages. Bei der hoclnsten Phospliorsauregabe liegt der Ertrag 
aucli in dieser Kolumne in beiden Versiichen weit iiber der 
durclischnittlichen Ernte. 

Der mittlei'e Pehler der Differenz zwischen zwei Kolumnen- 
durchschnittszahlen betragt in Versuch 11 +. 3,05 und in Ver- 
such 12 +. 2,99; und der zwischen zwei Reihen i 3,04 resp. 

±3,28. 


Konipletierende Bodeniintersuclimigeii. 

Da die Erklarungen der hier beschriebenen Eesultate auf 
der Theorie aiifbauen, dass die Kalidiingung die Phosphat- 
loslichkeit in gewissen B5den vermindert und auf diese Weise 
einen Phosphatmangel verursachen kann, war es auch von 
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Iiiteresse zn -antersuclien, ob sicb diese vermntete grossere 
Festlegiuig der Phospliorsiiure bei KOl-Zu&atz diirch cbemische 
Uiitersiiclimig* des Bodens nachweiseii liess. Zu diesem Zwecke 
wiirde iiiit demselben Bodeti, der zu den Versnclien 11 nnd 12 
beiintzt wordeii war, folgende Untersnchnng gemacht: Zii je 
20 g des Bodens wurden 250 cm^ eixier Losnng von KHaPO^ 
gegeben. Die so abgemessene Lostiiig entliielt 60 mg P3O5 
nnd weiter XCl in steigenden Mengen. Diese Mengen waren 
0, 0,2, 0,6, 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 20, 50 nnd 100 mg. Der 
Boden wiirde dann mit dieseii Losnngeii wahrend der Daner 
von 302 Stun den, die anf 18 Tage verteilt waren, geschiittelt. 

Da ein Vergleich mit den Gefassversuchen vielleicht wiin- 
schenswert ist, mnss erwahnt werden, dass die bier benntzte 
P^Orj-Menge etwa fiinfmal so gross war wie die hocliste P2O5- 
Gabe in den Gefassversnchen, nnd dass die benutzten Kali- 
mengen ein etwas grosseres Gebiet nmfassten, als die in den 
Gefassversnchen vorkonimenden. 

Nach der Schiittelnng wurde die Pliissigkeit abfiltriert nnd 
die im Piltrat znriickgebliebene Pliospliorsanre bestimmt. Es 
zeigte sich da, dass beinahe die ganze zagefiihrte Phosphat- 
menge vom Boden festgelegt worden nnd dass also nnr eine 
kleinere Menge nocli in der Losnng geblieben war. 

Diagrainm 8 zeigt die Eesnltate dieser Untersnclinng. Anf 
der Oi'dinate sind die in der Losnng zuriickgebliebenen P2O5- 
Mengen in g anfgetragen worden nnd anf der Abszisse die 
Logaritlimen der zngesetzten rag ECl. Die Knrve ist so ans- 
geglichen wordxm, das jeder Pimkt ans den snkzessiven Dnrcli- 
scliiiitten dreier neben einander liegender Werte bestimmt 
worden ist. 

Dass die Phospliatlosliehkeit bei den Momeiiten abgenommen 
hat, bei denen die griissten Mengen KOI zngesetzt wnrden, wird 
beim Blick anf die Knrve klar. Bs scheint aber anch, als ob 
kleinere Mengen KOI eine kleine Erhohnng der Phosphat- 
loslichkeit veranlassen konnten. Dies konnte dann mit der 
Steigernng der Ernte durch miissige Ealidiingnng, die ans den 
Versnclien 11 nnd 12/1939 sich ergab, in Znsammenhang stehen. 
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Diagramm 0. 

Phosphatfestleginig im Boden bei steigendera KCI-Ziisatz. 
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Die Kiirven dieser Versuche (Diagramra 6 mid 7) ^eigteii ja 
filr holiere Pliosphatgaben dnrchgelieiids Maxima bei Kali- 
gaben, die etwa dem liochsten Verlaiif der Eiirve in Dia- 
grainm 8 entsprecbeii. 

Dieselbe Untersnclimig wurde aucli an einein nccli starker 
phospliatfestlegenden, g3dtjahaltigen Lelimboden wiederbolt, 
nm zu seben, wie sich dieser Boden verhalte. Bei diesein 
Boden wiirde die Phospborsaure durcbgehends noch voll- 
stiindiger festgelegt, so dass nur ganz Heine Mengen in der 
Losiing znriickblieben. Die zngesetzte Qiiantitiit EHoPOj war 
dieselbe wie iin vorigen Experiment. 

Die im Piltrat dieses Bodens vorhandene Phospliorsanre er- 
gibt sich ans Diagramm 9. Auch in diesem Experiment ist 
es deiitlieh, dass weniger Phosphorsanre in der Losmig bleibt, 
wenii der KCl-Znsatz gesteigert wird. Der Knick der Kurve 
zwisclien 4 mid 10 mg KCl ist scliwer zii erkliiren. Merk- 
wiirdigerweise zeigt die Kurve des Diagram ms 8 bei denselben 
KCl-Mengen auch einen ahnlichen Enick. 

Es sclieint also, als ob die aufgestellte Tlieorie liber die 
Einwirkmig der Kalidiingmig auf die Festlegung der Phosplior- 
siiure durch die vorgenommenen Untersuchnngen der Boden 
bestiitigt wiirde. 

Dies stimmt auch mit den Ansichten von Dumolon mid 
Bastissk (1933 & 1934) liberein, wenn sie sclireiben: »La pre- 
sence d’un anion inactif dans la solution de pliospbate en 
contact avec le sol el^ve le taux de fixation de PyOr,^, In 
nnserem Palle diirfte die Ursache der gesteigerten Eestlegmig 
also den Cl-Ionen zuzusclireiben sein. Dies lasst sich auch 
gut mit den vorher erwahnten Theorien von Mattson vereinen. 

Allgemeine Diskiissioii, 

Welche Bedeutnng haben nun diese Eesnltate flir die prak- 
tische Dliiigerlebre? Daranf ist noch nicht leicht zn antworten. 
Die bier untersuchten Boden sind 3 a ziemlich auf gewisse Ge- 
genden beschriinkt und sind also nicht flir scliwedische Acker- 
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boden repritseiitativ und nocli weniger fiir Ackerbodeii ini all- 
gemeiiieii. 

Der Verfasser liat de«lialb die Feldversticlie der lokaleii 
Dliiigmigsversuclistatigkeit Schwedens fiir die letzten Jahre 
stiidiert (Stjndelin, Labsson & Eliasson 1933—1938), um zu 
ermittelii, wie die Ernte iinter verscbiedenen Uiiistandeii rea- 
giert, weiin Kali zu einer vorlier phospliatgedung-ten Saat ge- 
geben wird. Yon saintlich etwa 450 nntersiicliten Feld versa cben 
an Getreide auf Mineralboden in den Jahreh 1932 — 1936 zeigen 
45 % eine Ernteabnahme fiir »Kali- mid pbospliatgedungt» 
gegenliber »Niir pliospliatgedungt», Beini Versncli, dieses Ma- 
terial in Gruppeii zu zerlegen, nm diejenigeii, die negativ 
reagieren, fiir sicli zu bekommen, stosst man auf Schwierig- 
keiten. Das Material ist in den Yersuclispublikationen so zu- 
sainmengestellt, dass man es nacli geographischer Lage, ge- 
banter Pflanze und Reaktion, resp. Phospliatzustand des Bodens 
griippieren kann, aber dass es nicht nioglicli ist, eine geniigeiid 
feine Gruppierung nach Bodenarten durchzufiiliren. 

Zweifelsohne ist aber gerade die letztgenannte in diesem 
Falle gefordert, da es in erster Linie von den qnalitativen 
Eigenscbaften des betreffenden Bodens abhlingt, wie die Phos- 
phor satire festgelegt wird. 

Es ist zu bedauern, dass es ziir Zeit nicht moglich ist, das 
vorliegende Feldversuchsniaterial so zu bearbeiten, dass man 
eine endgiiltige Antwort auf die Prage bekommen kann, auf 
welchen Boden man mit gesteigerter Phosphatfestlegung bei 
Kalidiingung rt^chnen muss. 

Es diirfte jedoch deutlich sein, dass die grosse Anzahl der 
Versuche, die nach Kalidiingung eine Ernteabnahme anstatt 
einer erwarteten Steigernng des Brtrages aufweisen, kein blosser 
Zufall isfc, sondern dass man in mehreren Fallen mit bestimin- 
ten Eigenarten der Boden zu tun hat. Eine Art von Boden, 
die diesen negativen Effekt von Kali auf die Pliosphatloslich- 
keit zeigt, sind die in Mittelschweden gewohnlichen gyttja- 
haltigen Mineralboden, die ziemlich viel Sesqnioxyden entlialten. 

Auch aiis Daneniark liegen Yersuchsresultate liber negativen 
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Effekt fiir Kali- mid Phospliorsaurediiiigiing gegeiiliber iiiir 
»Ph.ospliatgedungt» vor (Bondoefjf 1938). 

Die hier voi'gebrachten Eesiiltate mid Gesiclitspunkte iiber 
die Eestlegiing der Pbosphorsaure im Boden bei Vorhaiiden- 
sein von Keiitralsalzen, besonders von gewolinlicliem Kalisalz, 
sind iiatiirlich nnr ein Beitrag zur Brforsclmng des grossen 
Problems, wie die P- nnd K-dmigemittel in verschiedenen Boden 
gegenseitig aiifeinander einwirken. Bs diirfte jedocli Idar sein, 
dass, elie man sick entsehliesst, jemandeni zu einer gleicli- 
zeitigen Pkosphat-Kalidtingmig zu raten, eine Erwiigung der 
spezifisehen Bodeneigenschafteii am Platz ist. Unter scliwe- 
disclien Verlialtnissen dtirften Boden mit relativ lioliem Sesqui- 
oxjdgebalt Neigung dazn haben, die Phosphorsaure bei Kali- 
salzznfuhr starker festzulegen. 

Znsammenfassuiig. 

Die vorliegende Arbeit berichtet iiber Untersucliungen, die 
am Institnt fiir allg. Ackerbaulehre an der landw. Hochschule 
Scliwedens iiber die Einwirknng einer Kalidiingung anf die 
Pestlegung von Phosphorsaure ini Boden ausgefiihrt worden 
sind. 

Die Untersucliungen sind in der Haiiptsache auf einer An- 
zahl von verschiedenen Boden als Gefiissversuche ausgefiihrt 
worden, die zum Teil dnrch Bodenanalysen ergiinzt wurden. 
Es zeigte sich, dass auf Biiden, die relativ reich an Sesqui- 
oxyden sind, die Phosphatfestlegung des Bodens dnrch Kali- 
diingung — 40 % Kalisalz — betrachtlich gesteigert wird, so 
dass die Pflanzen an Pliospliatmangel zn leiden beginnen. 
Dieser dnrch Kalidiingung hervorgebrachte Ph os phatm angel 
kann dnrch Steigerung der Phosphorsanredtingung aufgehoben 
werden. Die Eesiiltate der Gefassversnche warden dnrch die 
Bodennntersuchnngen bestatigt. Diese zeigen, dass bei Stei- 
gernng des KCl-Znsatzes zum Boden die Phosphatloslichkeit 
abnimmt. Die Theorie wird lanciert, dass die dnrch Neutral- 
salzzusatz aktivierten Eisen- nnd Alnmininmverbindmigen des 
Bodens die Phosphorsaure festlegen. 
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Es wird naclidrlicldich liervorgehoben, dass verbaltnismassig’ 
viele der scliwedischen Eeldversuche eine negative Wirknng 
des Kalis als Zusatz zn. Phosphatdlingung zeigen mid dass man 
eine Kalidlingung anf phosphatarinen Boden nicht ohne Be- 
riicksichtigung der BodenbeschaflPenlieit empfebleii kann. 

Sammanfattning. 

Arbetets titel: Oni Icaligodslingens inverlcan ixi f osf or sy vans 

Idggning i jordeii. 

Foreliggande arbete redogor for nndersokningar, som ntforts 
vid lantbnikshogskolans institution for allman jordbrukslara, 
over den inverkan som kaligodsling i vissa fall liar pa fast- 
liiggningen av fosforsyra i jorden. 

Undersokningarna lia huvudsakligen iitforts som karlforsok, 
vilka delvis kompletterats med keroiska laboratorieundersok- 
ningar. Eoretradesvis bar arbetats med de i Mellansverige riitt 
vanliga gyttjelerorna. Det visar sig, att pa jordar, som aro 
relativt rika pa seskvioxider, fosfatfastlaggningen i jorden be- 
tydligt okas genom godsling med 40 %-igt kalisalt, och att 
vaxterna salunda komrna att lida av fosfatbrist. En dylik, 
genom kaligodsling framkallad fosfatbrist, kan uppbavas genom 
steginng av fosforsyregodslingen. 

Dessa resultat fran tva ars karlforsok bekraftas aven genom 
de utforda laboratorieuiidersolmingarna, vilka visa att fosfor- 
syrans fastlaggning bkar vid successiv KCl-tillsats till ifraga- 
varande jorcl Den teorien framliigges, att de genom neutral- 
salttillsatsen aktiverade jiirn- och aluminiumforeningarna i 
jorden fastlagga fosforsyran. 

Vidare riktas uppmarksamheten pa att ett forhallaiidevis 
stort antal av de svenska faltforsoken visa negativ verkan for 
fosfat- plus kaligodslat jiimfort med enbart fosfatgodslat, och 
att detta icke torde bero pa nagon slump. Utan att forst ha 
beaktat jordens beskaffenhet torde man ej bora rekommendera 
en kaligddsling pa fosfatfattiga jordar. 
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1 . Introduction. 

The influence of the H-ion concentration of the nutrient 
medium on the absorption and assimilation of different kinds 
of nitrogen by the plant has been a subject frequently dealt 
with in the literature. The reaction is often supposed to exert 
a dominating influence on the different utilization of ammo- 
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Ilium and nitrate nitrogen. Tlie results of earlier researcli 
work on tlie subject, winch have been reviewed in contenipora- 
neons works by Loo (1931) and Pibschle (1931), can briefly 
be summarized as follows: an acid or weakly acid medium 
has proved to be most favourable for nitrate nutrition and an 
alkaline reaction will promote the absorption of ammonium. 
Some recent works will be reviewed below; only those have 
been selected, however, which deal with the problem more in 
detail or have revealed new aspects of it. 

In most experiments only a few different H-ion concentra- 
tions have been compared. Loo (1931) has carried out exten- 
sive water culture experiments, in which the whole pH range 
from 3 to 8 (or 9) was covered in close intervals. In experi- 
ments of short duration (6 to 48 hrs) the intake of NO;} and 
NHg nitrogen by corn seedlings was studied and, on the whole, 
the earlier results were confirmed, i. e. the optimum for NOj}- 
absorption was found at a weakly acid reaction. In fact 
Loo found not only one optimum but several, separated by 
distinct minima at pH values of appi’oximately 5.2, 6.4, 7.0 — “ 
7.2, and 7.8 — 7.9. This was explained by assuming several 
IEP:s of the cell plasm, where the absorption ought to be 
retarded. 

PiESCHim (1931) has attacked the problem from quite another 
point of view. Several plant species were cultivated for some 
weeks in flowing nutrient solutions of varied reactions. At 
the end of the experiments the plants were harvested, the dry 
weights determined, and the material analyzed for nitrogen. 
In nitrate solutions a growth-optimum was obtained at pH 5 
(approximately). A pH value of 3 proved to be toxic and the 
growth of e. g. most cereals decreased also at alkaline reaction. 
For some other plants, on the contrary, a growth minimum 
appeared at pH 7 followed by a rise at alkaline reaction. 
PiRSCHLK rightly emphasizes, however, that »zweigipfelige 
Wachstumskurven keine allgemeine gtiltige Bedeutung im Sinne 
artspezifischer Eigenschaften haben, sondern nur im Eahmen 
der jeweiligen Bedingungen gelten». He has also called atten- 
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tion to the probable relation of the growth minimum at pH 7 
to the common occurrence of chlorosis at this reaction. 
Furthermore, Piuschle explains his pH curves by a rise in 
the perm.eabilitj caused by the H and OH ions at strongly 
acid and alkaline reactions. According to this view an exces- 
sive intake of or NH3 respectively should exert a toxic 
influence upon the plants; the action of nitrate was supposed 
to be less severe than that of ammonium. On the other hand, 
PinscHLE conchided from the determinations of the nitrogen 
contents of the plants that a direct relationship of the reaction 
of the nutrient medium to the nitrate absorption could not 
be traced. This was said to contradict the usual opinion of 
the optimal intake at a weakly acid reaction. 

In a series of papers Shive and collaborators (Clark & 
Shive 1934 a, h, Davidson & Shive 1934, Arrington & Shive 
1935) have compared the influence of acid reaction (pH 4) 
with that of neutral (pH 7 or 6 — 8) on nitrate and ammonium 
absorption. Their experimental technique forms in some respects 
a combination of those of Loo and Pirschle: plants were 
cultivated for some time in different nutrient solutions and at 
regular intervals the rate of ion absorption was determined 
by short time tests (G hrs to a few days). This method was 
inaugurated earlier by Hoagland (1923). The results agree 
well with those of tiarlier investigations in as much as pH 4 
was more favourable for nitrate and pH 7 for ammonium 
absorption. Clark & Shive (1934 h) furthermore emphasize 
the fact that the nitrate content of the plants is independent 
of the rate of absorption. They conclude that the absorption 
and assimilation have their optima at the same reaction, and 
the latter is said to be directly regulated by the reaction of 
the nutrient medium. 

Bunning (1936) and Itzerott (1936) could not confirm these 
results, nor could they find a direct influence of the reaction 
on the rate of intake of nitrate by cells. They conclude that 
the accumulation of nitrate within the cells depends upon 
the reaction outside: at a pH below 3, NO3 is accumulated, 
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while at a hig’her pH it is excreted from the cells into the 
surrounding medium. The accumulation is supposed to depend 
upon the absorbing power of cell sap colloids. The plant 
material used in these experiments was Aspergillus, which 
differs, however, in certain respects from higher plants. Uni- 
cellular organisms have a very small accumulating volume in 
comparison with their large absorbing surface, a fact which 
might be of importance in determining the capacity for accu- 
mulation. 

It is evident that the influence of the H-ioii eoncentration upon the 
nitrate utilization has been explained as an influence upon absorption, 
assimilation, or accumulation of nitrate. It is also evident, however, 
at a closer examination, that the experimental results of the cited works 
do not differ very much, at least they are not absolutely inconsistent. The 
main difference lies in the different experimental techniques used, different 
points of view, and especially in a rather confusing terminology. 

In the works of Loo and Shive absorption means the amount of nitrate 
taken in by a plant of defined condition per unit time, e. g. the rate of 
absorption. Pieschle has calculated the absorption (Aufnahme) as the 
nitrogen content of the plant at an arbitrarily chosen point of time, regardless 
of the fact that the nitrogen content on a weight basis might fluctuate 
during the course of development as does the rate of absorption. The same 
content of an element can be obtained either through decreased growth rate 
or increased rate of absorption, or vice versa. — The term absorption is 
often used in this sense, or as denoting the total amount of a substance 
taken in by the plant during the growth cycle. The rate of intake of a 
substance by the roots is sometimes called permeal)ility, a term wdiich ought 
not to be used in connection with absorption of ion s, — TluMiccumulation 
(Bpeicheruug) of Bunking and Itzerott corresponds partly — hut not 
wholly — to the absorption of Pirsciile. Shive on the other hand, lias 
used the term accumulation in its most common meaning, strictly applying 
it only to the accumulation of unreduced nitrate, and the term assimilation 
for the reduction of nitrate and its transformation to organic N. Itzbeott 
has apparently used assimilation as synonymous with absorption, and the 
assimilation of Shive she has called reduction. 

If a uniform terminology is used, the main results of the 
cited works may be summarized as follows: the rate of ab- 
sorption of nitrate is obviously directly affected by the reaction 
of the nutrient medium, this relationship, however, has not 
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been elucidated in detail. According to Shive the rate of 
nitrate reduction within the roots depends upon the external 
Hdon concentration. Whether this holds true also for the 
accumulation of unreduced nitrate seems doubtful, the results 
of Shive and from Bunning’s school apparently contradict 
each other. As pointed out before their plant materials are, 
however, very different, and a comparison, therefore, hardly 
possible. The total nitrogen content of a mature plant, finally, 
can scarcely be interpreted correctly in terms of nitrogen 
utilization, the complicated process of growth also being in- 
volved in regulating the nitrogen content within the plant. 

The object of the present investigation was to study on one 
plant material — wheat in water cultures — the influence of 
the H"ion concentration on the absorption of nitrate, its re- 
duction within the, plant, and the accumulation of unreduced 
nitrate. 

The following terms have been used. Assimilation denotes 
the reduction of nitrate and its transformation into organic N, 
in wheat roots these two reactions follow each other imme- 
diately, so that they might be regarded as one physiological 
process. Accumulation is used only with regard to un- 
reduced nitrate, and absorption for the rate of entrance of 
nitrate into the roots. 

In order to study the influence of the H-ion concentration 
upon the rate of intake of one ion — i. e. the effectiveness 
of the mechanism for the active ion absorption — it is neces- 
sary to follow the absorption by a uniform plant material 
from solutions of constant composition and — as far as pos- 
sible “ with the pH as the only variable factor. The claims 
are self-evident, yet they are impossible to fulfil, either prac- 
tically or theoretically. 


The claim to a uniform plant material implies short time experiments. 
If plants are cultivated for a long time in solutions of different reactions, 
the total absorption of all ions will become different, the plants will change 
their initial characters and the growth rates -will become more or less un- 
equal. In such a case the intake of a special ion is no longer due only to 
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the differences in pH hiit also to the ([ualitative and qiiautitutive changes 
within the plant itself. In experiments of long duration it will become 
impossible to distinguish between direct effects of the H-ion concentration 
and indirect ones. This remark holds true for all cases where the in* 
flnence of environmental factors upon a special phase of plant nutrition 
is to be studied. The duration of the absorption tests therefore must be 
made as short as possible; for that reason it is impossible to determine the 
absorption from the increase of nitrogen within the plant. This has to be 
calculated from the decrease of nitrate concentration in the nutrient solution. 

A constant reaction of the nutrient solution can he obtained either by 
taking a large volume of solution, e. g. flowing solution, or by having it 
strongly buffered. On the other hand, if the nitrate absorption is to be 
determined from the decreased nitrate content of the solution, it is neces- 
sary that it amounts to at least 20 — 25 % of the initial concentration, if the 
analytical errors are not to become unsatisfactorily large. As a consequence, 
the reaction can not be held quite constant unless the buffering action is 
very strong or as the anions and cations are absorbed in equivalent amounts, 
which happens only occasionally. Too strongly buffered solutions are, however, 
not advisable, as they involve large and varying amounts of added salts; 
furthermore, one single buffer system is wholly effective only within a 
limited pH range. For that reason slight lluctuations of pH are inevitable 
in an otherwise satisfactory experimental technique. 

The most suitable method of obtaining approximately constant 
reaction is working with bowing nutrient solutions. On the 
other hand, experiments on nitrate absorption imply aseptic 
work. Arranging flowing cultures aseptically is technically 
possible but involves a rather unwieldy techniciiie. This diffi- 
culty has been avoided by making two kinds of experiments: 
one with flowing solutions, ordinary non-aseptic plants and 
very constant reactions, another with fully aseptic plants, 
stagnant solutions, and, consequently, a somewhat less constant 
pH. As in the main identical results have been obtained with 
both methods, a rather high significance can be attributed to 
them. Some further tests were made with non-aseptic plants 
of the same kind as in the flowing cultures but with solutions 
as in the aseptic experiments. 
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2. Experiments with flowing nutrient solutions. 

Methods. 


The experiments with flowing solutions were arranged as 
outlined in flg. 1. 


A 2-liter stock flask was connected by 
means of siphons with two culture vessels 
of 75 ml volume. These were closed with 
rubber stoppers supporting cork discs of 
earlier described construction (cf Lunde- 
OARDH 1032 for full particulars con- 
cerning the culture t(‘cbnic|ue), each 
carrying the root systems of 14 wheat 
jdants, aged 16 to 10 days. These had 
been grown in complete nxrtrient solu- 
tions until the start of the experiment, 
when the aerial parts were cut off and 
the discs with the roots transferred to 
the experimental vessels. A branching 
tube on each vessel served as an outflow 
for the solution, the level of which was 
kept some mm beneath the cork disc, 
the bases of the stems not coming in 
contact with the solution. Thus the root 
systems were in normal position; the 
mere removing of the green parts does 
not affect the ion al)sorption of grown 
up plants for a short time, Tli<‘ rate of 
flow of th(^ solutions was regulated by 
means of Vso ttnn capillaries inserted in 
the siphons. The duration of the ex- 
periments was 22 hrs, during which time 
about 820 ml solution passed over the 
roots. The difference in level between 
stock flask and experimental vessel was 
about 48 cm at the start and decreased 
during the course of the experiment to 
about 37 cm; the rate of flow was thus 
diminished by about 25 %. By increasing 
the difference in height this error could 
have been diminished, but being of minor 



Fig. 1. Arrangement of experiments 
with flowing solutions. — A: stock 
solution, B: siphon with capillary 
inserted to regulate the rate of flow, 
C : experimental vessel with rubber 
stopper supporting root systems, 
D; tubing for compressed air. 
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importance tliis improvement was omitted. The stock solution was stirred 
and kept saturated with air by bubbling compressed air through it. The 
experiments were carried out at room temperature, cx) 20° 0. Six duplicated 
experiments were run parallel. 

The plants had been raised in laro*e volumes of common 
nutrient solution with NO 3 as the source of N and at a pH 
of 5.5. This has proved to be the optimal reaction for the 
development of wheat plants. By changing the nitrate content 
of the solutions one day before they were taken for tests, 
roots with varied internal NOjj contents could be obtained. 
The amount of nitrate per 28 plants (duplicates joint) ranged 
from 0 to 0.200 mmol. The weight of the roots amounting to 
about 6 g, the internal nitrate concentration on a green weight 
basis varied from 0 to 0.045 mmol per g. 

The test solutions contained potassium-phosphate buffers of 
pH 3,2 to 7,7 with a constant P-concentration of Vsoo-mol. 
In some series K 2 SO 4 was added in order to make the E-con- 
centration also constant. This did not, however, affect the 
results. Nitrate was added as KNO,-^ at a concentration of 
V 2000 to Vaooo-mol. 

Absolutely constant reactions could not be obtained. As pointed out 
before, this is theoretically impossible, if the decrease in the nitrate content 
of tbe solutions shall become measurable. The fluctuations were, neverfcheless, 
very small and of no importance. On typical example will l)e given: 
Initial pH: 3.2 3.9 4.8 O.i 6.8 7.5 

Final pH: 3.8 4.1 6.8 0.1 6.8 7.4 

A variation up to 0.2 pH units might be negligible. Larger deviations were 
found only within the pH range 4.5 — 5.0, owing to tbe fact that at this 
reaction the 1st H-ion of phosphoric acid is fully dissociated and the 2nd 
almost undissociated, the buffering action thus being nearly nil. In the 
diagram below, tbe points are plotted against tbe arithmethie mean of the 
initial and final pH. 

In non-aseptic and not specially protected water cultures the roots will 
always become more or less infected by bacteria. As will be shown below 
by a comparison with aseptic experiments, this infection has had no visible 
efiect on the results of the tests with flowing solutions. — Several experi- 
ments were specially carried out, however, to try the method suggested by 
Gerketsen (1937), involving the arrangement of antiseptic cultures by the 
addition of Germisan to the nutrient solutions. The good results of Gee- 
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EETSEN, however, could not he verified with our plant material. As a 
matter of fact, the wheat roots are surprisingly resistent even though grown 
for several Avecks in solutions containing Germisan (up to 5 mg per liter). 
The stronger solutions recommended by Gerketsen were, however, distinctly 
toxic, and lower concentrations had only imperfect hactericide action, as 
was shown by inoculations on agar. 

The analyses for nitrate on solutions and plant material 
were performed according to methods described in detail earlier 
(Burstbom 1938, 1939 a). 


Results. 

In all, 9 series of experiments of this kind were carried out; 
their results agreed very well. The data for four of them are 
given graphically in figs 2 and 3. They have been marked 
A — D, their main difference being an unequal initial nitrate 
concentration of the roots. In A the plants had been kept 
in distilled water 2 days before the start of the experiment, 
the nitrate content of the roots thus being decreased to zero. 
In B the ISTOg content per 28 plants was 0.050 mmol, in C 0.090, 
and in D 0.204 mmol. B and C represent plants of normal 
composition, those in D were extraordinarily rich in nitrate. 

Fig. 2 shows the relation between pH and the total amount 
of nitrate absorbed. From very low values at pH 3 — 4 the 
curves rise to an optimum between pH 5 and 6. Within the 
range of physiologically normal H-ion concentration, at pH 
4 to 7,5, the curves are very flat, with deviations from the 
average of only ±20%. An optimum intake at pH 
about 5.5 is indicated and a pH<4 acts injurious. 
In some series more acid solutions were tested; at pH near 3 
still lower values were obtained, the nitrate absorption decreasing 
to almost zero at this reaction.. It seems highly probable, that 
this is caused by the toxic action of the H-ions, especially 
considering the experience of Ltjndegaedh (1938) that at pH 3 
the root surface is entirely saturated with H-ions, the metallic 
cations not being able to replace them. Thus the surface of 
the plasm loses its normal constitution and might be unable 
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to fiiiiction normally at all. The decrease in nitrate ab- 
sorption at strong*!}^ acid reaction is consequently 
not due to a specific action of the H-ioii concen- 
tration on the mechanism of nitrate absor|)tion 
but to an irreversible destruction of the plasm 
surface. 

In series D a very low absorption was observed owing to 
the high internal nitrate concentration of thfe roots which 



Fig. 2. The relation between pH and nitrate absorption by wheat phints in 
ilowing solutions. Initial nitrate contents of tb(5 roots: curve A: 0, 11: 0,()5(), 
C: 0.090 and 1): 0.204 mmol. 


impedes the absorption. The main course of the curve is, 
however, the same as in the other series with a flat optimum 
about pH 6. At pH < 4 and > 7 measurable quantities of 
nitrate were excreted into the external solution. 

The absorbed nitrate is only in part assimilated by the roots, 
the rest being found as accumulated NOjj at the end of the 
experiments. Fig. 3 shows the relation between pH and assi- 
milated and accumulated nitrate, respectively, in the same four 
series as shown in fig. 2. The sum of the assimilated -f accu- 
mulated nitrate does not, however, equal the values for ab- 
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sorption given in fig. 2, the amounts of nitrate initially present 
in the roots having to be added to the latter figures. 

The pH-assimilation curves are of a very characteristic shape. 
The assimilation reaches a maximum at pH 6 and decreases 

mmol 



4 5 6 7 8 pH 

Fig. ‘3. The nitrate acciminlation and assimilation in the same four series 

as in dg. 2. 

with increased acidity similar to the absorption. The cause 
might also be the same. At pH 7 another minimam is found 
and from there the assimilation rises again as a weakly 
alkaline reaction is approached. The assimilation curves 
thus show two maxima and two minima; a third less 
interesting minimum will be found, of course, at strongly 
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alkaline reaction — at pH > 8 — owing” to the injurioiis action 
of OH-ioiis. 

The curves strikingly resemble the growth curves which 
show minima at pH 7, as obtained in some cases by Pieschle 
(1931). The cause of the assimilation minimum at pH 7 will 
be discussed in detail further below; only certain points will 
be emphasized here. . 

In isolated root systems or intact wheat plants aged 2 to 
3 weeks the absorption of nitrate is, on the whole, independent 
of the rate of assimilation within the roots (Bxjesteom 1938). 
That is to say, a decrease in the assimilation will cause an 
increased accumulation of unreduced nitrate without affecting 
the absorption, at least not for a short time. The assimilation, 
on the contrary, depends upon the rate of absorption: decreased 
absorption will cause a decrease in assimilation because of the 
diminished amount of nitrate available within the roots. 

This fact is related to the large capacity for accumulation 
in comparison with the relatively slow absorption which 
apparently takes place in only a small segment of the root 
(Buesteom 1939 h), as does also the bulk of the assimilation. 
Accumulation, on the other hand, is found in all parts of the 
root system. The total amount of nitrate absorbed by the 
roots depends upon the composition of the nutrient solution 
and the mechanism for active ion absorption, but it does not 
depend upon the intensity of nitrate assimilation or the capa- 
city for accumulation, providing the latter does not exceed a 
certain limit. — In roots of very young seedlings other con- 
ditions prevail, as will be discussed below. 

According to earlier results (Buesteom 1938) the assimilation 
by intact wheat roots at pH 5 to 6 amounts to about 50 % 
of the nitrate made available within the roots. This is also 
the case in the present experiments within the pH range 3 
to 6 ; the decreased assimilation at pH < 4 is due to the 
decreased absorption. The second minimum at pH 7, however, 
finds no equivalent in the absorption. At this reaction the 
assimilation is either directly retarded by the external H-ion 
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concentration or it is indirectly influenced by some other factor 
than the rate of absorption. 

In fact an insignificant minimum at 7 is indicated also 
in the absorption, but it is nevertheless obvious, that the very 
marked depression of assimilation can not be caused by the 
slightly reduced absorption, especially as the accumulation has 
its maximum even at this point. It is, on the contrary, 
probable that such strong fluctuations in the rate of assimila- 
tion as are found in the pH range 6 to 8 must cause changes 
also in the amounts absorbed, even if under more normal con- 
ditions the absorption seems to be independent of the assimi- 
lation. Considering this, it is very likely, that the absorption 
is still less directly affected by the reaction than might be 
believed from the curves in fig. 2. This question will be further 
discussed below. 

The accumulation, finally, only consists of the difference 
between the amounts absorbed and assimilated as is clearly 
shown by the opposite shape of the curves in fig. 3. At low 
or medium internal nitrate concentration there is no reason 
for assuming a direct relationship between the pH and accu- 
mulation of unreduced nitrate. There is only one distinct 
exception from this rule; at very high internal NO^-concen- 
tration there appears, as ])ointed out before, an excretion of 
nitrate in the most acid and alkaline solntions. This fact could 
be exj^ressed in the teimis used by Bumixg (1936) and Itze- 
KOTT (1936) that above a certain reaction nitrate is accumulated, 
while below this x’eaction it is given off' from the plant. That 
the relations in our experiments at pH 3 are quite the reverse 
of those of BijNNiXG might be a matter of minor importance 
considering the large differences in the nature of the plant 
materials. This phenomenon does not appear, however, until 
the roots have reached a stage of saturation with nitrate. 
That the ion accumulation of the roots has its limits is easily 
shown with young excised roots possessing a rather low capa- 
city for accumulation (Buustrom 1939 h). That the excretion 
in our case takes place only at strongly acid reaction and at 
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the most alkaline reaction tested must be a matter connected 
with the very slow absorption at these reactions and has 
probably the same cause. The increasing disorganization of 
the plasm surface, due to the disturbed ion balance, will 
diminish the power of retaining the nitrate as well as lower 
the rate of absorption. 

It has already "been emphasized that the nitrate absorption is very nearly 
independent of the internal nitrate content of the roots; only in series 1) 
is the absorption retarded by the very high internal nitrate concentration 
(iig. 2). In fact the absorption proceeds so slowly in this series that it is 
hardly sufticient to compensate for the nitrate consumed in assimilation. 
The accumulation will decrease somewhat below the initial level, except at 
pH 7, where the assimilation is retarded. The roots are obviously saturated 
with nitrate and the slow absorption 'which takes place to compensate for 
assimilation or excretion due to unfavourable conditions will give a very 
incomplete picture of the normal absorption. The accumulation in this case 
is fluctuating about a semi-static state and the absorption under normal 
conditions is a decidedly dynamical process. It is thus evident that plant 
material characterized by a strongly inhibited absorption is very little apt 
for studying the mechanism of active ion absorption. In this connection 
there may he mentioned unicellular organisms which are rapidly saturated 
with salts to a true or apparent equilibrium, and isolated organs forced to 
a normally not occurring absorption of ions. It seems doubtful whether it 
is correct to apply the conclusions from such experiments to an explanation 
of the normal mechanism of absorption. This must be studied as a dyna< 
mica! reaction of organs capable of continuous and inten- 
sive absorption. That this claim is justified will he made clear through 
the discussion of the absorption of excised roots (paragraph 4). 


3. Experiments with non-aseptic plants in stagnant 

solutions. 

Ill recent works on the physiological importance of the 
reaction of the nutrient mediuin, it has often been emphasized 
that a definite pH optimum for such a physiological process 
as growth does not exist, the position of the optimum being 
influenced by the nutritional state in general (Piebchle 1931, 
Aslandee 1935, SoLBERG 1936). Special stress has been laid 
upon the fact that the total salt concentration seems to be of 
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more im})ortaiice for the development of plants than the H-ion 
concentration. 

The more complicated a physiological process, the less chance of finding 
a simple delinite relation to an environmental factor. On the other hand, 
for a less complicated process, it is more probable that such a relation 
might ])e traced. The highly complicated process of growth is due among 
other things, to the absorption of at least 10 different nutrient elements 
from the surrounding medium. Even if the absorption of each element 
stands in a fixed relation to the H-ion concentration, the relation to the 
reaction of the total absorption of all elements, as manifested by growth, 
must he less clear and affected l>y the balance of all ions etc. 

From the absence of a definite growth-pH relation it must 
not be concluded that such a relation does not exist for the 
absorption of each element. It was necessary to prove the 
validity of the found pH curves, especially to find out if the 
position of the optimal nitrate absorption was affected by the 
total ion concentration of the solutions. 

A number of experiments were carried out with plants of 
the same kind as in the preceding series hut with non-flowing 
solutions. The possibility of varying the composition of the 
solutions was greater with such an arrangement. 

The tests were performed in tubes of 200 ml volume, each containing 
14 plants. They were kex>t in a water hath at 20“^ C. The duration of the 
test was 24 hrs. The solutions were stirred and aerated by means of com- 
pressed air. Each series comprised 5 or 6 ex])eriinents, each experiment 
being duplicated 4 or 3 times respectively. The pH was varied betAveen 3 
and 7, more alkaline solutions not being used because of the acidifying 
action of the carl)ou dioxide x>i‘<>duced in respiration. 

Eurther experimental details were as follows: ago of plants 14 to 21 
days; potassium or sodiTim phosx)hate buffers Vsoo- to Vnxemol; nitrate 
added as K or Na nitrate at concentrations from Vr.ou- to ^/tzoo-mol; volume 
of the test solutions 75 to 150 ml per 14 plants, the nitrate added thus 
ranging between 0.187 and 0.750 mmol; initial nitrate content of the roots 0 
to 0.045 mmol per 14 plants (0 to 0.015 mmol per g green weight). 

Thus the concenti-atioiis of the solutions were varied within 
wide limits — the nitrate concentration up to twenty times 
and the total salt concentration up to six times that of the 
series with flowing solutions. Of course the H-ion concentra- 

10-— ;i9498. Lanthruhshdgskoktna Annaler, "Vol. 8. 
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tions were somewhat less constant in these experiments than 

in the earlier ones, especially between pH 4.5 and 5. 

It seems hardly necessary to report in detail the results of 
these experiments as the effect of the reaction upon nitrate 
absorption was in all essentials the same as in the preceding 
series. A flat optimum of absorption occun-ed between pH 
5 and 6. Ho displacement of the optimum could be observed. 
— The relations above pH 7 will be studied thoroughly in 
the following paragraph. 


4. Experiments with aseptic seedlings. 

Methods. 

These series were carried out with seedlings aged 4 days, 
germinated under sterile conditions and tested in aseptic 
solutions. The technique used and the arrangements of the 
experiments were the same - as described earlier (Buestrom 
1939 a, h). Some points only will be emphasized. 

In most series excised roots cut olf from the seedlings were used; only 
in a few experiments were intact plants, separated from the grains tested. 
The ex];)erjments were carried out in 100 ml flasks containing the tooIkS of 
20 plants in 20 ml of solution. The flasks were autoclaved in advance. 
Two kinds of buffers were used. Usually a mixture of mono- and dibasic 
(in some cases also tribasic) sodium phosphate at a total P-concentration of 
1/200 up to 1/100-mol was employed, in some series this was replaced by 
a mixture of acetic acid, sodium acetate, and NaHCOg saturated with carbon 
dioxide. The buffering action of this mixture was rather low -within the 
pH range 6 to 7, owing to the varying amount of free 00^; without CO.j,, 
however, this buffer was useless, because of the tendency of the respired 
carbon dioxide to increase the acidity to about 6. This buffer was used in 
those cases when phosphoric acid had to be excluded. 

Even with phosphoric acid as a buffering agent the constancy of the 
reaction was less satisfactory than with flowing solutions, the H-ion con- 
centration showing a tendency to increase 0.2 to 0.3 pH nnits. An example 
will be given: 

Initial pH: 6.0 6.5 7.0 7.5 8.0 

Final pH: 5.7 6.2 6.8 7.2 7.5 
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Solutions more alkaline than pH 7.5 were particularly less constant due 
partly to the low buffering action of the phosphoric acid. 

The duration of all experiments was 24 lirs. 

Nitrate was added as KNOg at a concentration of V 4 ()o-mol. 
All chemicals were highly purified in order to remove heavy 
metals, consequently manganese had to be added, the concen- 
tration being 10 mg MnS 044 aq per liter. Furthermore, the 
solutions were made Vioo-mol with respect to glucose. The 
tests were performed in a water bath at 25° C. Five experi- 
ments in quadruplicates were run simultaneously. The results 
have been calculated in pmols NO 3 per 80 plants. 

The main features of the nitrate absorption and assimilation 
by young seedlings have been thoroughly dealt with in an 
earlier paper (Bubstrom 1939 h). Excised roots will give an 
example of an experimental material not suitable for studies 
on the mechanism of ion absorption. Assimilation, on the 
contrary, proceeds normally after separating the roots from 
the aerial parts. 

It was shown, for example, that the excised roots will rapidly become 
saturated with nitrate; the absorption is impeded if nitrate is not removed 
by assimilation within the roots. These roots, in certain respects, resemble 
the case discussed in the preceding paragraph, in which old roots had been 
overfed and saturated with nitrate. Another possibility, which is particularly 
realized in smaller segments of roots, is that even if the absorption is 
functioning normally, the roots lack the power of retaining the supertluoiis 
nitrate a))S()rl)ed, it will he excreted again through the wound surface into 
the nutrient medium. In this connection it is worth referring to the root- 
pressure, studied recently on excised roots by White (1938), which might 
offer an explanation of thi.s phenomenon. In any case it w’-as confirmed that 
excised roots assimilate nitrate almost as rapidly as intact plants hut that 
tlie totah amount of nitrate absorbed is no exact measure of the actual rate 
of absorption. The calculated »absorption» of excised roots should more 
correctly be termed »retention». This is true particularly for excised roots 
but holds to a certain extent also for intact very young seedlings. In most 
respects, however, these hehavc as mature plants, but the absorption seems 
to be slightly hampered by the rapidly increasing nitrate content of their 
roots. 
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The nitrate utilization of intact seedlings* 

One experiment will be reported to settle the question of 
conformity of intact seedlings and grown-np plants with regard 
to their assimilation of nitrate (table 1). The H-ioii concen- 
tration was varied between x>H 3.5 and approximately 9. The 
table gives an acconnt of the amounts of nitrate absorbed, 

Tcihle 1. 

pH series with intact seedlings. Na-phosphate buffer. 


Mtrate pmols per 40 seedlings 



! 

absorbed i 

_____ _1 

accumulated 

assimilated 

I 3.5 

12.G ' 

4.0 

8.6 

1 

: 4.8 

33.0 

22.S 

10.7 

5.5 

28.2 

14.7 

i 13.5 

1 6.2 

37.8 

21.3 

16.5 

7.0 

24 5 1 

16.6 

7.9 

' 8.0 

29.4 i 

15.4 

14.0 

cv) 9.0 

19.5 

13.9 

6.6 


aecuninlated, and assimilated. The figures for the absorption 
are somewhat more irregular than in the preceding series 
for reasons already quoted. It is evident, however, that the 
absorption decreases towards both acid and alkaline reaction 
and has an optimum about pH 6. No stress can be laid upon 
the irregularities, a smoothed curve having the same shape as 
that for flowing solutions. Concerning the assimilation, the 
agreement is still better. From the low values at pH 3.5 
it rises to a maximum at pH 6.2, shows a second 
minimum about pH 7, which is followed by another 
rise on the alkaline side. The most alkaline solution 
with a pH of about 9 — not exactly determined — proved 
to be toxic. 
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It is interesting to note the very good conformity of these 
results with those obtained for flowing solutions. Apart from 
the small irregularities quoted above the results are identical, 
yet both the nature of the plant materials and the composition 
of the test solutions have been markedly different. 

The decrease in nitrate absorption in the most acid solution 
is, as has already been emphasized, probably due to the de- 
structive effect of the high H-ion concentration. The cause 
of the injurious action of alkaline solutions might be analogous. 
In several cases a decreased absorption — and assimilation — 
appeared even at a pH value somewhat below 8. In most 
cases, however, it occurred only at a still more alkaline reac- 
tion as in the cited example. Thus the position of the second 
maximum is not exactly fixed. This disagreement seems to 
be of minor importance; if we assume an injurious action of 
the high OH-ion concentration, this might be rather labile and 
sensitive to small changes in the conditions of the plants. ’ 

While it has been shown that the minimum of assimilation 
at pH 7 appears under most varying conditions, it must be 
noted that all series hitherto have been arranged with phos- 
phoric acid as the buffering substance. Full evidence that the 
depression is caused directly by the concentration of the 
H-ions can only be obtained if the results can be reproduced 
with otlier buffering agents. In fact, however, the possibility 
of exchanging the phosphoric acid is very restricted because 
it is most important that no injurious substances are brought 
into the test solutions. 

Among the ions present, in a natural substrate, only two — apart from 
tlie phosplioric acid — - are weak electrolytes and thus suitable as buffering 
substances: COo and The latter is scarcely convenient as a buffer, 

because the maximal buffering action takes place at pH 8.7; carbon dioxide 
is too volatile for use with aerated cultures. Colloidal buffers as used by 
Mehltch (1939) are not well adopted for exact studies on ion absorption. 
It was therefore found necessary to introduce a non-physiological compound 
and acetic acid was chosen, as being the least injurious, to complement the 
carbonic acid system. 
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The results of two series with HAc-COa buffers are combined 
and shown in fig. 4. Both cover the pH range 4.7 to 7.7 and 
agree very well. The upper full-drawn curve indicates the 
total amounts of nitrate absorbed, the lower curve the assi- 
milation, both having been drawn free-hand through the indi- 



Fig. 4. The relation of pH to absorption and assimilation of nitrate by 
intact seedlings from acetate-carbonate buffers. — Black points indicate 
absorption, circles assimilation; scale to the left. — The clotted curve sllo^YS 
the concentration of undissociated acetic acid; scale to the right. 

dividual points. The main course of the curves is the same, 
rising from zero at pH 4.5 to a maximum, at pH 6 to 8. The 
assimilation on every point amounts to -about 50 % of the 
absorption. It is quite evident that there is no sign of a 
second minimum at pH 7, instead of which the assi- 
milation — and also the absorption — aremarkedly 
independent of the H-ion concentration above pH (>. 
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The decrease in absorption from the maximnm towards the 
acid side is much steeper than with phosphoric acid, reaching 
zero at pH 4.5 instead of at pH about 3. It seems highly 
probable thas this is connected with the concentration of nn- 
dissociated HAc in the solntion, which is indicated by the 
dotted cnrve in fig. 4. This has been plotted arbitrarily in 
inverse position against the other curves, the point HAc = 0 
corresponding to the maximum absorption of nitrate. Thus it 
seems that the decrease in absorption runs parallel to the 
increasing concentration of undissociated acetic acid. Never- 
theless, it is not quite necessary to assume an injurious action 
of the rapidly penetrating acetic acid. It has been shown 
earlier (Burstrom & Boratynski 1936) that wheat plants are 
able to endure 3 days in HAc Vsoo-mol without showing any 
signs of injury even at pH 3.8. It is possible that the decreased 
absorption is due to a mere hindrance of the ion absorption 
and not really connected with a damage of the roots. In any 
case, this part of the pH-curve is of minor importance for the 
present problems, as the action of acetic acid, though being 
theoretically interesting, has no bearing on the nitrate absorp- 
tion under normal conditions. At a more alkaline reaction 
pH > 6 — a specific action of the acetic acid is out of the 
question. At pH 7.2 wheat plants develop normally for seve- 
ral weeks in solutions containing Ac V^oo-mol (Buestrom & 
Boratynski 1936). 

It might have been concluded therefore, that the depression 
at pH 7 is connected with the presence of phosphate in the 
substrate. In any case it is obvious that it is not merely 
due to an action on the part of the H-ion concen- 
tration. 

On the other hand, phosphate and acetate buffers differ not 
only with respect to the nature of the anions but also with 
regard to the concentrations of the cations. All buffers hitherto 
used have been equimolar with regard to the anions, but as 
the phosphoric acid is much stronger than the acetic and 
carbonic acids, the cation concentrations are accordingly higher. 
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A ^/ 200 -mol P-bnffer. at pH 7 contains 7.8 mmols of Na ])er 
liter, wliereas an Ac-COa-buffier of the same strength contains 
not more than 1.8 mmols. In order to finally settle the ques- 
tion of the difi:ereiice between the buffer solutions it thus 
became necessary to re-investigate the action of the buffer 
concentration and the cations more exactly about pH 7. 

The most convenient material for such series proved to be 
excised roots as their low power of absorption renders the 
reaction more constant. 

The nitrate utilization of excised roots. 

A number of series were carried out with excised roots in 
phosphate buffers within the pH range 6 to 8. Only one 
example will be discussed in detail (table 2). 


TaUe 2. 

pH series with excised roots. Na-phosphate buffer. 



pH 


1 

Nitrate jimols 

Ib’esli 

weight 

g‘ 

initial ! 

final 

average 

absorbed 

1 

aecnmnlated 

j as.similated 

1 

6.0 

5.8 

5.9 

60.4 

! 

30.2 

20.2 

0.92 

6.5 

6.5 

6.5 

30.9 

24.6 

6.3 

0.90 

7,0 i 

6.7 

! 6.9 

15.S 

15.8 

0 

0.83 

7 .5 1 

7.n 

7.4 

23.6 

1 17-0 

' 6.6 

0.87 

8.0 

7.6 

! i .7 

1 

33.4 

i 22.2 

11.2 

0.90 


The constancy of the H-ion concentration is somewhat better 
than the average (p. 146). At pH 6.7— 7.0 (average 6.9) no 
assimilation takes place and hence it rises towards 
both acid and alkaline reactions, quite in accordance 
with the preceding results. The minimum is only more pro- 
nounced, the cause for this seems to be obvious. In intact 


^ Initial weight 0.77 g. 
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plants the assimilation takes place partly in connection with 
the absor])tioii in the root hair zone, partly in the root base 
owiii^' to the rich supply of carbohydrates from the grain, or, 
in grown-up plants to some extent in the leavres (Burstrom 
1938, 1939 b). The assimilation in the latter two cases is, of 
course, neither directly nor indirectly affected by the external 
H-ion concentration. In excised roots, on the contrary, the 
assimilation takes place solely in the youngest part of the 
root connected with the absorption, and thns the effect of the 
reaction becomes more marked. 

In this series another phenomenon is met with, which some- 
times appeared with excised roots. At pH 7 not only is 
the assimilation, but also the absorption, accumulation, and 
growth rate decreased. This is connected with the mentioned 
localization of the absorption. It takes place mainly in the 
youngest growing root hairs. If growth and development of 
new root hairs is promoted, the absorption and accumulation 
increase accordingly. If, on the other hand, growth ceases the 
absorption sooner or later must come to a stand-still because 
of the lack of functioning root hairs. A stronger nitrate 
assimilation sometimes induced an accelerated growth and thus 
increased the capacity for accnmulation. 

A rapid growth is, however, not always caused by rapid 
nitrate assimilation. Fig. 5 shows the relation of assimilation 
to growth rate in a number of experiments with excised roots. 
All points are distributed at random over the left upper half 
of the diagram above the dotted line. This means that a 
certain assimilation always promotes at least a certain in- 
crease in growth. Tlie few values lying below^ the curve 
represent occasional irregularities of the plant material. It is 
also evident from the diagram that a fairly intensive growth 
is possible without nitrate assimilation; in these cases the 
accnmulation shows correspondingly high values. One example 
is given in table 3. The assimilation decreases to zero at 
pH 7 the growth and accumulation, on the contrary, showing 
no minimum at this point. 
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Fig. 5. The relation between nitrate assimilation and growth of excised roots. 


Table 3. 

pH series with excised roots. Na-phosphate buffer. 


! pH' 

a])sorl)ed 

Nitrate pmoLs 

accumulated 

j assimilated 

Fresh 

weight 

6.0 

I 

31.7 

! 

i 

16.8 1 

14.9 

0.80 

I 6.5 

32.1 

28.9 

1 3.2 

0.80 

7.0 

25.8 

22.1 

3.7 

0.79 

7.3 

’ 23.5 

12.0 

1 11.5 

0.81 

7.5 ; 

i 26.8 

11.2 

15.1 

0.75 


A-verage, as in all following series. 
Initial weight 0.70 g. 
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In consequence, the accumulation — or more correctly the 
retention — is very irregular, the rate of assimilation, however, 
is highly constant. A comparison of all series of this kind is 
made in fig. 6. It consists of 5 complete pH-series between 
pH 6 and 8 and some occasional values from other series. 



Fig. 0. The relation between pH and nitrate assimilation of excised roots. 

The points group themselves smoothlj ai'ound the mean curve, 
showing a sharply marked minimum of assimilation at pH 
6.8 to 7, probably very near pBL 6.9. 

With acetate- carbonate buffers instead of phosphoric acid 
this minimum disappears completely in accordance with the 
preceding results. This is illustrated in table 4, From two 
series, one with PO^ another with Ac buffers and which were 
otherwise identically the same, data have been compared at 
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pH about 6, 7, and 7.:^. The depression of assimilation is 
clearly shown wdth the phosphate buffer but is totally absent 
with the acetate buffer. Even at optimal reaction, pH 6, the 
assimilation in acetate buffer exceeds that in phosphate and 
is quite constant within the pH range studied. It is also 
interesting to note that the accnmulation is nearly constant 
in all solutions; the capacity of the roots for retaining the 
nitrate is not influenced by the nature of the buffer or the 
H-ion concentration. 


TaUe 4, 

Comparison between phosphate and ace tate- carbonate 
buffers. Excised roots. 


pH ' 

Buffer 


Nitrate pmols 


absorbed 

accumulated 

assimilated 



42.4 

29.4 

13.0 

r 5.9-"6 .o I 

Iac 

54.4 

25.2 

20.2 

i . 1 

f P 

30.7 

28.3 

2.4 

i 6.9— 7.0 

1 

1 60,8 

1 28.(1 

32.S ! 

! i 

fp 

1 4:1.0 

20.8 

14.1 j 

1 7.2— 7.4 : 

! i 

f 

Ac 

j 55.1) 

1 .0.2 , 

26.4 ’ 

1 


As pointed out earlier, the question then arises whether 
this difference between the buffer solutions is due to the nature 
of the anions or the concentrations of the accompanying 
cations. This was investigated by means of comparisons between 
phosphate and acetate buffers made equimolar with regard to 
the cation (Na) concentrations. 

Dilution series witli phosphate buffers are easily arranged, the buffering 
action being suffieient to prevent changes of reaction even at a concentration 
of Vsoo-moL WUth acetate- carbon ate buffers it is more difficult to keep the 
reaction at a pre-determined value, especially between pH 6 and 7. For 
that reason these series were arranged with larger volumes of test solution 
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(25 ml) and a reduced number of plants (15 in each flask). It was thus 
made possible in two dilution series to keep the reaction fairly constant at 
pH about 7 with both phosphate and acetate buffers. 

Each series contained 3 concentrations of phosphate buffer and 2 of 
acetate-carbonate. Being in all other respects equally arranged and agreeing 
with rc^gard to the results, the series have been combined in one diagram 



Fig. 7. The relation between sodium concentration and nitrate assimilation 
by excised roots at pH co 1. — Circles indicate experiments with phosphate 
buffers of pH (hi). Black points experiments with acetate carbonate buffers, 
the pH of each being noted on the tig. 


(fig. 7). On the abscissa the Ha-concentration of the test solutions has been 
j)lotted, and on the ordinate the assimilation in pmols of nitrate, calculated 
per 80 plants to facilitate a comparison with preceding results. The circles 
indicate experiments with phosphate and the black points with acetate- 
carbonate buffers. In the former experiments, the average of the initial 
and final pH was 0.9 ; in the latter the reaction varied between 6.7 and 7.2, 
the value for each point being noted on the diagram. 
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AMoiig-li the reactions of the acetate solutions are not quite 
ill accordance with those of the iihosphate solutions, the 
diagram clearly shows that the effect of the buffers on the 
assimilation is chiefly due to the Na-concentrations. That 
different results have been obtained wuth acetate and phosphate 
buffers seems to be a matter of the much higher Na-conteiit 
of the latter. On the contrary, it has previously been empha- 
sized that the total ion concentration of the nutrient solutions 
should not escert any visible influence on the main features 
of the pH-assimilation curve, at least not on the positions of 
the maximum at pH 5.5 — 6 and the minimum at pH 7. An 
explanation for this discrepancy must be found. 


Cations and nitrate assimilation. 

The influence of the cations on the nitrate assimilation has 
been dealt with in two earlier papers (BxmsTEOM 1939 a, c). 

In the iirst paper it wavS shown, that presence of manganese is indis- 
pensible to nitrate assimilation by the roots; it was assumed that Mn is 
catalyzing some part of the assimilation process. In tlie second 'work the 
influence of other cations on the assimilation was studied in detail. It was 
confirmed that Mn can not be replaced by other cations. On the contrary, 
it was found that all other ions tested, including the alkali-, alkaliearth-, 
and heavy metals, decreased the assimilation by the roots even at rather 
low concentrations. A theory was advanced and also conlirmed by the 
results. In its active form as a catalyst within the cell, manganese is in an 
unspecific way adsorbed to some colloidal plasm constituent, from which it 
can be easily exchanged by other cations and thus rendered inactive. More- 
over an antagonistic decrease in the Mn absorption must bo taken into 
consideration; this will appear, however, only at comparatively high con- 
centrations of the added salts. The antagonistic effect on the uptake of 
manganese also being due to an exchange of ions, the retarding influence 
of other cations on the nitrate assimilation in general was explained hy a 
replacement of adsorbed manganese. 

It was likewise noted, that a manganese absorption less than 
about 0,30 pmols per 80 plants per day was unsufficient for 
maximal rate of assimilation. If the absorption decreased below 
this approximate level, the assimilation was always diminished. 
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If, on the other hand, the manganese absorption amounted 
to 0.30 |xmols or more, the assimilation was higher or lower 
according to the concentrations of other cations present. 

In mixtures containing three or more cations, this retarding 
effect was weakened, and in a complete, balanced solution an 
assimilation was obtained almost equalling that of a pure 
nitrate solution with only one cation present (except manga- 
nese). This was not, however, due to increased growth rate 
in the complete solution. 

Table 5. 

pll series in complete nutrient solution. Na-pliosphate 
buffer with additions of Vioon-iiiol CaS 04 , Mooo-mol MgSO^, 
Fc-citrate 10 mg per liter. Excised roots. 




Nitrate jjimols 


Fresh 

pH 


— V 


weight 


absorbed 

accumulated 

assimilated 

gi 

6.2 

37.7 

22.8 

14.9 

0.95 

6.(5 

31.5 

20.7 

10.8 

0.90 

7.0 

29.8 

19.4 

10.4 

0.94 

7.5 

48.0 

29.4 

18.6 

0.95 

7.7 

53.8 i 

20.9 

23.4 

0.95 1 


These results w'ere obtained in unbuffered solutions of pH 
about 5 or with phosphate buffers of pH 5.5. 

The same phenomenon appears also at pH 7. It has been 
shown that an increase in the Na-concentration causes a de- 
crease in the assimilation. — Table 5 exemplifies the assimila- 
tion from a complete nutrient solution. At pH 6 the assimila- 
tion is slightly lower than normal, at pH 7 a depression is 
visible, which amounts to only about 30 %. Subsequently the 
assimilation rises in alkaline solutions. The test solutions 
contained, as in the preceding series, Na-P-buffer, KNOg, and 


^ Initial weight 0.79 g. 
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Table 6*. 

pH series with Na-pliosphate buffer and Mono-mol GaS 04 . 
Excised roots. 


: pH 

i 

Nitrate {imols 

! absorbed 

1 aecnmulated 

assimilated 

6.2 

41.4 

36.3 

5.1 

1 6.6 

1 31.0 i 

28.7 

2.3 

7.0 

36.5 1 

36.3 

0.2 

7.4 

! 29.5 

28.7 

0.8 

7.8 

23.0 

21.8 

1.2 


Table 7, 

pH series with Na-phosphate buffer and Fe-citrate 10 mg 
per liter. Excised roots. 


i pH j 

Nitrate |imols 

absorbed 

j accumulated 

1 assimilated 

5.8 

49.1 

33.1 

16.0 

6.4 

46.8 

3 0.8 

11.0 

‘ 6.9 j 

25.6 

24.2 

1.4 

I 7.4 ‘ 

61.4 

41.0 

10.4 

7.8 1 

34.4 

31,3 

3.1 


Mn, to which had been added Viooo-mol CaSO.i, Vmoo-iiioI MgSO^, 
and 10 mg per liter Fe-citrate. 

The question now arises as to whether this effect of the 
complete solution at pH 7 depends upon a specific action of 
one certain cation. 

The action of Viooo-mol Ca is shown in table 6. In this 
example the calcium has no influence upon the assimilation 
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at pH 7 and in more acid and alkaline solutions it acts onl}" 
harmfully. The usual assimilation at pH 6 amounts to about 
20 |xniols but it is reduced to 5.1 through the addition of Ca. 
The assimilation, in fact, approaches zero within the whole 
pH range in this case. 

Iron, added as 10 mg per liter of Fe-citrate, has hardly any 
influence upon the assimilation when added by itself. This is 
shown b}' table 7. — This series also indicates an injurious 
action of OH-ions at a reaction slightly below pH 8. 

The effect of Vaoco-mol MgSO^ is illustrated by table 8. It 
is evident, that the assimilation in this case is not very dif- 
ferent from that in a complete nutrient solution. 

Table 8. 

pll series with Na-phosphale buffer and Ms’S 04 . 

F.xcised roots. 


pH 



Nitrate pmols | 

a})sorl)cd 

i 

accumulated j 

assiniikited 

5.9 

62.3 

1 

42.4 

19.9 

i)A 

50.4 

35.4 

15.0 

(5.9 

44.0 

33.0 

11.0 

7.3 

58.8 

35.4 1 

23.4 

7.7 

46.9 

1 1 

30.5 1 

1().4 


Nevertheless, it would be too hasty an inference to attribute 
to magnesium a specific capacity for promoting nitrate assi- 
milation at ]>H 7. Some series were arranged as shown in 
table 9. The nutrient salts were added successively until a 
complete solution was obtained. In this case the assimilation 
from the complete solution is about the same as in table 5, 
aboxxt 10 (rmols, and with only Na-P~bnffer, KNO^ and Mn zero. 
Evidently none of the ions added i. e. Fe, Ca, Mg, or Cu, is 
alone responsible for the improvement. As usual the highest 

11 — 39498. iMnthrvkshdgs'kolanft Annalcr, Vol. 8. 



162 


Hans Burstrom 


Table 9. 

Na-pliospliate buffer of pH 7.o with additions of Ga, Fe 
and Gu. Excised roots. 


Addition 


Nitrate iimols 

absorbed 

accumulated 

assimilated 

None 

31.9 

31.7 

0.2 

Ca 

31.4 

20,1 

2.3 

Ca + Mg 

42.3 ! 

37.2 

5a 

Ca+-Mg + Fe . . , 

41.0 

34.5 

6.5 

CaFMg + Fe + Cii . 

38.5 

1 

29.4 

0.1 


increase in assimilation was obtained with magiiesium, but the 
other salts have also g’iveii noticeable effects. As it has already 
been shown that the decrease in assimilation is partly con- 
nected with the high Na-content, it is hardly probable that it 
should be specifically neutralized by Mg. It was also found 
in some experiments, not mentioned here in detail, that lower 
Ca-concentrations — about Vaooo-mol — ■ had a much better 
effect than ^'looo-mol, in which concentration Ca entered the 
complete solution. Nevertheless it was even so inferior to Mg, 
which has its optimum about the tested concentration, b^sooo- 
mol. The reason for the strong action of Mg will be discussed 
below. 

The cause of the difference between the assimilation at pH 
5 — 6 and pH 7 is the fact, that in the latter case the assi- 
milation is strongly inhibited by the presence of exclusively 
Na- or H-salts. The favourable action resulting from a balan- 
cing of the solutions by adding Ca-, Mg-, and other salts, is 
very similar in both cases. 

It is thus obvious, that the depression at pH 7 is 
closely connected with the balance of the cations; 
that the H-ion concentration does not primarily 
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inliibit the assimilation is clearly shown by the 
following* experiments. 

A pH-series was carried out along the same lines as the 
preceding ones but without the addition of manganese (table 10). 
It will be seen that the assimilation is zero at all reactions. 
The differences between the amounts of nitrate absorbed 
and accumulated fall within the experimental errors, hlever- 
theless, a sharp minimum appears in the growth at pH 7 and 
thus also in the nitrate retention. 

Table 10. 

pH series \viLh Na-phosphate buffer without manganese. 

Excised roots. 


pH 

1 

j 

Nitrate |xmols 


Fresh 

weight 

g' 

al)sor])ecl 

1 

aocnimilated 

assimilated 

6.0 

38.2 

i 38.5 

cx) 0 

0.94 

6.5 

25.6 

26.9 

CXj 0 

0.85 

7.0 

20.0 

19.4 

ooO 

0.79 

7.4 

27.0 

27.0 

cn:) 0 

0.86 

7.9 

26.5 

27.9 

1 oo 0 

0.87 


By also excluding glucose from the substrate the growth is 
totally inhibited, the nitrate retention also showing low and 
constant values over the entire range of |)H (table 11). In 
this series the K absorption was determined (spectroscopically, 
as also Mn in the following experiments). Though the values 
do not show the total absorption for reasons already quoted, 
it is interesting to note that even in this case the K retention 
has an obvious minimum at pH 7. This fact was confirmed 
by other series as well. It is thus evident, that even if 
no depression appears in such physiological func- 

^ Initial weight 0.80 g. 
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Table 11. 

pH series with Na-phosphate buffer without man,^aiiese 
and glucose. Excised roots. 


pH 

j 

Mtrate ixmols 

K [iniols 

accumulated 

1 _ 

retained 

6.0 

24.5 

8.0 

i 6.5 

18.7 

- 1.8 

7.0 

1 23.0 

2.8 

7.4 

1 

1 21.8 

7.7 

i 

18.4 ' 

16.3 


tions as g^rowtli, nitrate retention, or nitrate as- 
similation, it still appears in the capacity of the 
roots for cation retention. 

More instructive than the values for K-retention are the 
results relative to the absorption of manganese. In the first 
place the manganese supply specifically regulates the nitrate 
assimilation and secondly the manganese retention apparently 
corresponds to the total amounts absorbed; because of the low 
mobility of this ion it is not so easily excreted again from 
the roots (cf. below}. 

Some examples of manganese absorption from unbalanced 
and balanced solutions are compared graphically in fig. 8. In 
unbalanced solutions the m anganese absorption 
approaches zero at pH G.5— 7. The addition of only 
magnesium weakens the minimum at pH 7 somewhat, though 
it is still prominent, which means a slight but undoiibtful 
promotion of the mangancvse absorption. In complete nu- 
trient solutions quite another relation is found between 
pH and Mn absorption: the absorption increases ra- 
pidly and continually with decreasing H-ion con- 
centration, and at pH > 7.5 all the Mn added is absorbed. 
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Fig. 8. The relation between pH and Mn-absorption by excised roots. — 
Curve A: nnbalanced solutions, B: with additions of magnesium, 

C: complete nutrient solution. 

This shows that the absorbed maiij^anese is really retained by 
the roots and not excreted ag*ain in visible amounts. 

It is of special interest to note that the same relation is 
found in complete solutions without nitrate (table 12). For 
the K retention, however, a depression at pH 7 is still no- 
ticeable. 

The final evidence that the depression at pH 7 is connected 
with the cation absorxition, is ^iven in table 13. This shows 
the absorption of K and Cl from KCl solutions by intact 
seedlings at varied reactions. Within the pH range 4 — 7 
the Cl absorption is independent of the H-ion con- 
centration, which agrees with the results of the experiments 
with flowing solutions. In this case only a slightly indicated 
optimnm-curve for the nitrate absorption was obtained, with 
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Table 12. 

pH series in complete nutrient solution without nitrate. 
Gompositioii of the solutions: Vsoo-mol K2SO4, Viooo-mol GaS04, 
Vaooo-moi MgS04, Fe-citrate 10 mg per liter, MnS04 10 mg per 
liter, tioo-mol NH4CI, Vif*o-mol Glucose. Excised roots. 


pH 

Absorption iimols 

K 

I 

Mn 

6.1 

36.0 

0.90 

6.6 

35.1 

1 1.37 

7.0 

19.0 

1.75 

i 7.3 

1 

28.8 

2.47 

I 7.0 

33.4 

2.70 j 


Table 13. 

pH series with KGl in Na-phospbate buffer. 
Intact seedlings. 


1 

1 

pH 

Absorption pniols 


K 

^ 4.0 

i 

18.9 

24.8 

1 6.0 

17.7 

45.1 

5.8 

20.2 

j 51.0 

6.9 

18.8 

7.0 

1 V.7 

10.3 

2o.9 


an optiimini about pH 5 to 6. It is possible that this is only 
a reflexion of the very marked pH-assimilation relation, and 
that the absorption sensu stricto is independent of the H-ion 
concentration above pH 4. An influence of the rate of assi- 
roilation on the absorption through promotion of growth, 
which is characteristic of seedlings, is indeed likely to occur 
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also ill older plants, tlioug-h. o£ course less marked. — Table 
13 indicates a decrease in Cl absori)tion near pH 8; this was, 
however, not constant, and in other series it was totally 
absent. As usual the conditions in the most alkaline solutions 
are somewhat variable, which seems to be a matter of minor 
importance. — In spite of the very constant anion 
absorption the absorption minimum for K at pH 7 
is very pronounced. 

Explanation of the depression at pH 7. 

It is a well-known fact that the growth of plants is often 
depressed by a reaction of pH 7 in the nutrient medium. 
PiESCHLE (1931) has brought together examples from the earlier 
literature and has given new evidences in his own work. He 
has also called attention to the probable relation of the growth 
minimum to the common occurrence of chlorosis at this re- 
action. The problem of chlorosis has been thoroughly studied 
by Olsen (1935), who has also advanced a theory for ex- 
plaining it. 

It seems a priori conceivable that these cases of chlorosis 
and growth depression should be related to the established 
minimum of cation absorption and nitrate assimilation. In- 
dubitably a retarded nitrate assimilation must cause chlorosis 
and this together with the diminished uptake of cations result 
in decreased growth rate. It was thus necessary to see 
whether the results of Olsen were in conformity with ours. 

Olsen has come to the following conclusions. At pH 6 to 
7 the plants absorb such large amounts of phosphate that iron 
is precipitated in insoluble form within the plant and thus 
rendered inactive. At higher pH, the phosphoric acid is 
precipitated by Ca in the nutrient medium, the absorption 
deci-eased and the iron made available. 

In discussing the statement of Olsen that the P-absorption has a 
maximum at pH 7 it nmst be remarked, that he has calculated the »ahsorp- 
tion» as the concentrations of the elements in the plants on weight basis. 
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As emphasized earlier (p. 134) these concentrations are affected hy the growth 
rate and are no real measure of the actual rate of absorption. The high 
F-concentrations of the tissues might as well be the consequence as the 
cause of retarded growth. 

Nevertheless, Olsen has sho^vn that chlorosis can be pre- 
vented either by the addition of iron in complex conipomids, 
which are not precipitated by phosphoric acid, or by decreasing^ 
the P-content of the nutrient medium. This could be brought 
about directly or indirectly by increasing the Ca-content and 
thereby precipitating Ga-pliosphates. 

A comparison of the conditions for chlorosis with the de- 
pression of cation absorption and nitrate assimilation is very 
instructive. Superficially the agreement is to some extent 
striking. 

It has thus been demonstrated, that decreasing the phosphate 
additions both prevents chlorosis and increases the nitrate 
assimilation. The beneficial action of calcium was not very 
marked in our experiments; on the other hand a stronger 
improvement was obtained with magnesium. — With regard 
to the effect of complex iron the results are more inconsistent. 

However, the explanations of Olsen can not be apidied in 
our case. The subsequent rise in nitrate assimilation above 
pH 7 is not due to a decreased solubility of phosphates as 
the phenomenon is more apparent in Ca free solutions where 
no precipitation occurs. Moreover, the effect of phosphate in 
our case is indubitably connected with the concentration of 
the cations and not so much with the phosphoric acid itself. 
Finally thei^e is no reason for attributing to iron a special 
function in our experiments. 

The chlorosis studied by Olsen is evidently not related to 
the depression of nitrate assimilation. It seems as if an acidity 
of pH '1 should in different ways offer critical conditions to 
the normal nutrition of plants. 

From our experimental results certain conclusions might be 
drawn for explaining the depression of nitrate assimilation. 
It has already been emphasized that the primary effect 
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of tlic reaction is a decrease in cation absorption. 
Because of the reduced or inhibited inang*anese ab- 
sorption the assimilation is rendered impossible. 

If this explanation be correct, assimilation of nitrate must 
always appear if absorption of manganese can be promoted. 



Pig. 0. ^rhe r(*,la,ti<)n between manganese content of nutrient solutions 
and nitrate assimilation ]>y excised roots at pH 5.5 (average curve, ef. 
Burstr<)M 19^19 a) and pH 0.7 — 6.9 (curve drawn free hand through the 
individual points). 

That this is possible thi'ough a convenient balancing of the 
nutrient solution has already been shown. Another w^ay is to 
strongly increase the Mn-concentration of the solutions. 

Two series of experiments with Na-phosphate buffers at 
pH 7 and varied Mn-concentrations are shown graphically in 
fig. 9. On the same diagram the mean curve for the influence 
of the Mn-concentration on assimilation at pH 5.5 has been 
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plotted. This shows an optimum assimilation, already at about 
4 mg Mil per liter; at pH 7 the optimum assimilation is not 
obtained until the yerj high concentration 12 mg per liter is 
reached. N^ot even at this point can the assimilation be brought 
up to maximal level. It should be noted in this connection 
that the same assimilation as promoted by 12 ing Mn at pH 
7 is obtained by 0.5 mg at pH 5.5. 

It must be pointed out, however, that this effect of in- 
creasing the Mil content is quite different from the superficially 
similar effects of increased Mg or Ca concentrations. These 
are obtained only if Mn is also present. The Mn-effect, on 
the other hand, can be obtained as well without the additions 
of other cations. 

.From what has been said above the central position of 
manganese for regulating the nitrate assimilation even at pH 
7 is evident. The depression of the assimilation can 
be fully explained on the basis of the manganese 
absorption and the balance of manganese to other 
cations. 

This is also the reason why the total ion concentration had no effect 
in the. e.xperiments with mature plants hut did exert an influence with 
seedlings. The former experiments were performed with solutions not purided 
from heavy metals and without additions of manganese. The solutions as 
Avell as the roots, which had been raised in complete nutrient solutions, 
contained apparently minute quantities of manganese, sufficient to promote 
some assimilation. The manganese content was, nevertheless, very low and 
even if the other salts Avere varied Avithin wide limits, they were still in 
excess over the manganese. The depression Avas thus alAA'ays very marked. 
The seedlings, on the contrary, were amply supplied Avith manganese. 
Through decreasing the buffer concentrations, further increasing the Mn 
content, or balancing the solutions, the manganese absorption could easily 
be brought up to such a level as to maintain a nearly normal rate of assi- 
milation even at pH 7. 

It might be pertinent to direct the attention to the folloAving facts Avhich 
are of interest from methodical point of vieAv. In a solution of pH 7 
containing very little manganese, the assimilation of nitrate can be promoted 
in either of two Avays: (1) by increasing the Mn-content or (2) by adding 
for example Mg. Mn and Mg apparently produce the same effects but a 
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substitution of one element by the other is, nevertheless, out of the question. 
They only ])ring about the same end result in two different ways. The 
same might also be true of their effects on growth in such a case. 

It is instructive to compare the action of magnesium and 
complete nutrient solution on manganese absorption and nitrate 
assimilation at pH 7. It has previously been emphasized, that 
a manganese absorption of about 0.3 pmols represent the level, 
below which the nitrate assimilation is always diminished. 
This level has been marked on fig. 8. In unbalanced solution 
— curve A — only the absorption values between pH 6.5 and 
7 fall below this level in accordance with the depression of 
assimilation. Addition of magnesium — curve B — increases 
the Mn absorption only slightly but nevertheless sufficiently 
to raise it above the critical level and render maximal assimila- 
tion possible. Through further addition of Ca and Fe — in 
complete solution, curve 0 — the absorption rises enormously, 
but the assimilation very little (cf. tables 5 and 8). This heavy 
increase in Mn absorption represents a luxury consumption, 
which can not be utilized by the roots (cf. Burstrom 1939 c). 


H-ioii concentration and cation absorption. 

The cause of the depression of the cation absorption at 
pH 7 can not be entirely decided at present. The laws of 
cation absorption and its relation to external and internal 
factors are — in spite of the enormous literature on mineral 
nutrition — very inexactly known. This is true also of the 
influence of H-ion concentration on the mechanism of ion 
absorption. In most works dealing with the effects of the 
reaction, the mechanism of absorption is made obscure through 
interaction of anions and cations with plant growth, the results 
thus being difficult to interpret correctly. 

It is generally assumed — often rather a priori — that the 
absorption of cations increases with decreasing H-ion concen- 
tration; there are, however, also authors denying this concep- 
tion (for example Collaxdbr 1935, Jacques 1936 h). Lunbe- 
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GAEDH (1938, 1939) has recently collected data on the poten- 
tials and exchange of ions at root surfaces; his studies have 
provided additional evidence that the initial stage in cation 
absorption is an adsorption by the plasm colloids. From this 
point of view the rise in cation absorption in our experiments 
from an acid reaction to pH 6 and also the rise from pH 7 
to 8, or in balanced solutions the continuous increase over the 
whole range of pH, are only in accordance with the rules for 
the adsorption of cations to a negatively charged colloid. 
The decrease from pH 6 to 7, on the contrary, needs an ex- 
planation. 

The decrease ap])ears only in unbalanced solutions, that is 
to say, in solutions containing a high content of monovalent 
cations compared to bivalent. It might be assumed, therefore,, 
that the continuously increasing absorption with increasing pH 
represents the pure adsorption to plasm surfaces, which have 
a certain degree of stability because of a convenient balance 
of absorbed mono- and bivalent cations. The depression from 
pH 6 to 7 might consequently be caused by an instability of 
the plasm in unbalanced solutions, pei'haps by an unfavourable 
hydration of the surface due to the exclusive or predominating 
adsorption of monovalent cations. 

Two points in fig. 8 are noteworthy. In the first place, the 
manganese absorption at pH 6 is rather independent of the 
balancing of the solutions. Secondly, the largest difference 
between unbalanced and balanced solutions is found at the 
most alkaline reactions. Lundegakbh (1938) has previously 
shown that within the pH range 3 to 6 the absorption to the 
root surface even in unbalanced solutions smoothly follows 
the physico-chemical expectations in a colloid of constant 
composition. It seems as if the plasm surface were quite 
stable at pH <6 even in unbalanced solutions and consequently 
no disturbances appear in the absorption of cations. From 
pH 6 towards an alkaline reaction the difference between the 
absorption from balanced and unbalanced solutions continually 
increases. Of course no exact mathematical computation can 



H-ioii concentration and nitrate utilization bj wheat plants 173 

be made on these curves, but the difference between curves 
A and C approximately forms a straight line when plotted 
against pH, beginning from zero at pH 6 and attaining maximum 
at alkaline reaction. This difference shows the influence of a 
depressing factor, which impedes the absorption from unbalanced 
solutions. Emphasis must be laid upon the fact that this 
factor continually increases from pH 6. This means that the 
subsequent rise in the absorption at pH > 7 is not due to a 
disappearance of the disturbances but to the fact, that the 
factor promoting absorption — the capacity for adsorption — 
increases at an accelerated rate, thus neutralizing the depressing 
effect. The simple shape of the curves forming the basis for 
the cation absorption indicates some simple physico-chemical 
properties of the plasm. What causes this depressing effect 
can not be decided at present. 

The two factors affecting cation absorption namely: the 
promoting effect of the capacity for adsorption 
over the whole range of pH, and the depressing 
effect at pH >6, together explain the wave-shaped 
absorption curve in unbalanced solutions, with 
minima at pH 3 and 7 and maxima at pH 5.5 to 6 and 8. 
In balanced solutions with stabilized plasm surfaces , t h e 
depressing factor will not be in evidence and the 
absor])tion will rise continually with decreasing 
H -i 0 n CO n c e n t r a t i o n. 

The retarded absorption of cations has inmbably a certain 
ecological importance. On soils with an unfavourable balance 
of ions it is ])0ssible that the cation absorption might be 
decreased and the growth impaired at neutral reaction. 

It can be assumed, that some reported cases of chlorosis 
and growth depression at pH 7 might be connected with 
diminished cation absorption and nitrate assimilation, though 
Olsen (1935) has shown that other factors are also involved. 

Specially Avorth mentioning is the occurrence of manganese deficiency. 
This disease, known as grey-speck-disease, is common on oats which are 
grown on soils at a pll of 6.5 — 7.5 hut is nearly absent on the more acid 



174 


Hans Burstrom 


and alkaline soils (Lundegardh 1932). This is of course partly connected 
with the increased solubility of manganese at acid reaction (Olsen 1934), 
hut on alkaline soils this argument is not valid. Lundegardh also found 
that a disturbed balance of ions, manifested by a high quotient Iv:Oa, 
favoured the appearance of the disease. These oT)sepLations which could 
not be fully explained at the time, are, however, in good agreement with 
the recently discovered rules governing the absorption of manganese. — As 
to the absorption of this ion Olsen has stated that in water cultures it 
reaches a maximum at pH 1 and decreases towards both acid and alkaline 
reaction. This is quite the reverse of our experiments with unbalanced 
solutions and not even in agreement with the results of complete nutrient 
solutions. The absorption of Olsen denotes, however, the Mn content of 
the plant tissues which gives little evidence as to the actual rate of ah- 
sorption. 


5. Concluding remarks. 

As mentioned already, the nitrate absorption is often sup- 
posed to be promoted at an acid reaction. Most publications 
dealing with this problem are, however, suffering from the 
methodical errors discussed in the introduction. Very often 
the duration of the experiments has been chosen so long as 
to render a distinction between indii’ect and direct actions on 
the nitrate absorption impossible. It is evident that the reac- 
tion exerts a very marked indirect influence upon the assimila- 
tion even in short time tests and therefore it might be 
difficult to ascertain, whether a certain change of nitrate 
utilization is primarily connected with absorption or assimila- 
tion. It must also be pointed out, that only testing the utili- 
zation at a. few reactions can lead to severe misinterpretations. 
The whole pH range must be studied and other conditions 
must be varied as well as the reaction to give a complete 
picture of the problem. 

From our results it might be possible to conclude that the 
nitrate absorption is not directly influenced by the reaction. 
In the experiments with intact plants — mature or seedlings 
— a slightly indicated maximum absorption at pH 5 to 6 
was obtained. The deviations from the average absorption 
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were, however, only small and it seems very likely that the 
optimum is induced by the very marked maximum of assimila- 
tion at this reaction. This interpretation gained in probability 
as it was shown that the chlorine absorption was not in the 
least affected by the reaction. It must be assumed, however, 
that the mechanism is the same for nitrate and chlorine ab- 
sorption, both being monovalent, strong anions not forming 
insoluble compounds within the plants. According to our 
knowledge, no earlier data are available concerning the rate 
of chlorine absorption at different reactions, though this ion 
seems to be the most convenient for studies on the mechanism 
of anion absorption. The difficulties involved in the absorption 
of nitrate have been emphasized in the preceding discussion. 
The absorption of phosphates, which has been thoronghlj 
studied by several authors, is mainly regulated by their solu- 
bility and dissociation. The latter factor is of still greater 
importance when one considers the penetration of weak acids, 
as for example H^S and CO 2 , which has been especially studied 
by OsTEUHOUT and his associates (cf. Jacques 1936 a). These 
acids are apparently diffusing through the plasm as uiidisso- 
ciated molecules, a process which has little bearing on the 
mechanism of ion intake. Jacques (1937) has, however, also 
investigated the rate of absorption of iodine by Yalonia cells, 
finding it independent of the reaction. This observation is in 
good agreement witli our results on chlorine absorption. 

The fact that the absorption of anions is not influenced by 
the reaction, whereas the cation absorption is strongly affected, 
is additional support for the opinion advanced by Lundeoarbh & 
Burstrom (1933) and further elaborated by Lundegardh (1935) 
that the mechanisms of anion and cation absorption are quite 
different. According to this theory, the driving power of the 
absorption of anions is the anion-respiration, and there is no 
immediate reason for assuming a connection of this mechanism 
with the reaction of the external solution. 

In one way our results have confirmed the opinion of 
Clark & Shive (1934 a, h) that the reaction of the nutrient 
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medium is affecting the rate of assimilation within the roots. 
But it has also been shown that the reaction acts only in- 
directly, and that a direct relationship is not very probable. 
Eckeeson (1924), Dittrich ( 1930 ), and Btjkstrom (1939 a) all 
agree that the reduction of nitrate has its optimum at a pH 
of about 7.6, while the optimum reaction of the nutrient 
medium is found at pH G or lower. It has also been shown, 
that only the absorption of cations, or more correctly the 
adsorption of cations on the plasm surface, is directly influ- 
enced by the external reaction. The optimal cation absorption 
appears either at pH about 6 or at an alkaline reaction, owing 
to the compositions of the nutrient solutions, and especially 
to the balance of mono- and bivalent cations. 

As a result of the different absorption of cations other 
processes in the roots are regulated. That of first importance 
is the growth rate, which usually shows a relation to the pH 
corresponding to that of the cation absorption. Independent 
of the growth rate the process of nitrate assimilation is also 
affected, because of its relation to the intake of manganese 
and the absorption of this ion to the plasm. 

The physiological importance of the reaction consequently 
should be limited to a direct influence on the cation absorp- 
tion, apart from the detrimental effects of very acid and alkaline 
reactions. But only in xvater cultures has the reaction such 
a restricted importance. In soils there are other circumstances, 
perhaps of greater ecological importance, as for example the 
regulation of solubilities, hydration and water holding capacity 
of soil colloids, base exchange etc, 

A good illustration of the influence of the reaction on ion absorption 
and growth is given by Pirschlb (1931) who, summarizing a number of 

experiments with different plants, writes that » maximale Aiifnahme 

von N nud P 2 O 5 in den meisten Fallen bei pH 7 stattfindet, also bei nen- 
traler Reaktion, wo in der Regel ein Wacbstumsoptimum nieht vorhanden 
ist. Die Mehrzabl der maximalen Aufnahmen von K 3 O fallt anf pH 5 und 
damit eiuigermassen mit dem haufigsten Wacbstumsoptimum (pH 6 — 6 ) 
zusammen.» — »Aufnahme» here denotes the concentrations of the elements 
writhin the mature plants on a dry weight basis. The maximum concentra- 
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tioiis of the acids are found at a minimum of growth, that is at pH 7; 
this means, that high concentrations are probably only the consequense of 
retarded growth. For K on the contrary, maximum concentration coincides 
with growth maximum; it might therefore be believed that the reaction 
determines the absorption which in its turn promotes growth. 


6. Summary. 

This paper describes experiments on the influence of the 
H-ion concentration of the nutrient medium on the absorption, 
accumulation, and assimilation of nitrate by wheat plants. In 
addition the importance of the reaction for the absorption of 
ions in general is discussed. 

The experiments were carried out partly with old plants in 
■flowing and stagnant solutions, and partly with aseptic seedlings 
or excised roots in aseptic solutions. 

The methods employed are thoroughly discussed. Special 
stress has been laid upon the necessity of separating nitrate 
absorption and assimilation from each other, and the necessity 
of avoiding interference with the growth rate. 

The results obtained may be summarized as follows: 

1) The H-ion concentration does not seem to have any 
direct influence upon the rate of anion absorption by the roots. 
This is obvious with regard to chlorine. With nitrate a flat 
optimum of absorption was obtained about pH 5 to 6, probably 
due to the very pronounced influence of the reaction upon 
the assimilation, which gives a slight reflexion in the rate of 
absorption. It must be emphasized also that according to the 
ciirrent theory of anion absorption no relation to the external 
reaction must be postulated. 

2) The H-ion concentration has a very marked influence on 
the absorption of cations (Mn and K determined). In balanced 
solutions as for example complete nutrient solutions, the Mn 
absorption rises continuously with increasing pH. This was 
explained by the favoured adsorption to the negatively charged 

12 — ^39408. Lanthrulcshogsholans Annaler. Vo). 8. 
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plasm surface. In niibalanced solutions, witlioiit bivalent 
cations, K and Mri absorption show a niiniiniim at pH 7, and 
rise towards both acid and alkaline sides, reaching maxima at 
pH 0 to 6 and >8. This was explained by the action of a 
depressing* factor on cation absorption beginning at pH 6 and 
increasing towards alkaline reaction, thus counteracting the 
adsorption. Since the exact nature of this factor is unknown, 
it was assumed to be connected with an increasing instability 
of the plasm surface in unbalanced, alkaline solutions. 

3) At pH 3, where irreversible disorganisation of the plasm 
occurs, both anion and cation absorption cease. The corres- 
ponding alkaline toxicity appears more irregular at pH 8 to 9. 

4) The H-ion concentration has no direct influence on the 
accumulation of unreduced nitrate by the roots, beyond the 
case, where the roots, being supplied with abnormally high 
concentrations of nitrate, reach a stage of nitrate saturation. 
It was assumed, that such a stage might be more easily 
attained with unicellular plants than with roots. 

5) The H-ion concentration has no direct influence on the 
rate of assimilation within the roots. Nevertheless, it is often 
of indirect importance, regulating the absorption of manganese, 
which, according to earlier results, is a predominating factor 
ill nitrate assimilation. The manganese absorption is diminished 
or inhibited in insufficiently balanced solutions at pH 7, in 
which case the nitrate assimilation also shows a pronounced 
minimum or ceases. 

The interaction of H-ion concentration and ion absorption 
in growth is discussed. 

7 . Sammanfattning. 

I arbetet redogores for inverkan av naringsmediets vateion- 
koncentration pa veteplantors upptagning, assimilation och 
lagring av nitrat. I samband darmed bar aven berorts reak- 
tionens betydelse for ionupptagningen i allmanhet. 
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Soni forsoksmaterial tjanade dels aldre veteplantor i riiiiiande 
eller stillastaende losning-ar, dels aseptiska groddplantor eller 
isolerade rotter av sadana i aseptiska losiiing*ar. 

De anviinda forsoksmetoderna ha diskuterats ntforligt. Sar- 
skilt liar framhMlits iiodvandi^heten av att knnna skilja nitratets 
iipptagning* och assimilation samt att knnna imdvika inflytan- 
den av plantornas tillvaxthastighet pa hastigheten av ionnpp- 
tagning ocli nitratassiinilation. 

De viktigaste resnltaten knnna sammanfattas salnnda: 

1) H-ionkoncentrationen synes ej ha nagon direkt iiiverkan 
pa hastiglieten av rotternas anionupptagning. Detta ar fullt 
tydligt betraffande iip])tagnmo*en av klor. Med nitrat erholls 
en optimumknrva med ett flackt optimum for upptagningen 
mellan pH b och 6, vilket ansags sammanhaiiga med den pa- 
tagliga inverkaii reaktionen har pa nitratets assimilation. Det 
framholls iiven, att det enligt gangse forestallning om mekanis- 
men vid anionupptagningen ej ar nodviindigt att antaga nagon 
direkt inverkan av reaktionen pa denna. 

2) H-ioiikoncentrationen har en mycket stark inverkan pa 
upptagningen av kationer (Mn och K). I balancerade losningar, 
t. ex. i fullstandig naringslosning, stiger Mn-npptagningen 
hastigt med stigande pH. Detta forklarades med en gyniiad 
adsorption till de negativt laddade plasmaytorna. I obalaii- 
cerade losningar, ntan tvavardiga kationer, visa K- och Mn- 
npptagningen minima vid pH 7 och stiga mot bMe siir och 
alkalisk reaktion med maxima vid pH 5 — 6 och >8. Orsaken 
hartill ansags ligga i en hammande faktor, som slitter in vid 
pH 6 och forstarkes mot alkalisk reaktion; den motverkar 
saledes den uiideiiattade adsorptionen. Natnren av deima 
faktor kunde ej faststallas, med den formodades sammanhanga 
med en okad instabilitet av plasmaytorna i obalancerade iieii- 
trala — alkaliska losningar, 

3) Vid pH 3, dar irreversibla skador pa plasmaytorna npp- 

trada, npphora bade anion- och kationnpptagning. Motsvarande 
alkalisk giftverkan visar sig mer oregelbiindet vid pH 8 9. 
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4) H-ionkonceiitratioiieix liar iiigen direkt iiiverkaii pa lag- 
ringen av orediicerat nitrat i rotterna. Undantag iitgor blott 
det fall att rotterna utsattas for onorinalt liog nitrattillforsel 
och synbarligen bli mattade ined nitrat. Det kaii antagas 
att ett dylikt tillstand lattare nppnas med eiicelliga viixter an 
med rotter. 

5) H-ionkonceiitrationen liar ingen direkt inverkaii pa liastig- 
heten av nitratassimilationen i rotterna. Den iir dock av in- 
direkt betydelse darfor, da den reglerar npptagiiingen av rnaiigan, 
vilken enligt tidigare erfarenbeter iir en dominerande faktor 
for nitratassimilationen. Da manganupptagningen liiiminas 
eller belt nppbor i otillriLckligt avbalancerade losningar med 
pH omkring 7, blir iiven nitratassimilationen nedsatt eller av- 
stannar belt. 

Sambandet inellan H-ionkoncentration, ionnpptagning ocb 
tillvaxt bar diskuterats. 
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The pedography of hydrologic podzol series: 
11. The loss on ignition and the reaction of the 
Annerstad series. 

By HENNING LONNEMARK, LAMBERT WIKLANDER and 
SANTE MATTSON. 

From the Instihiie of Pedology. 

The present paper is a first report on the study of a new 
hydrologic soil series, the Annerstad series, and is limited to 
the same analytical methods as were explained in the intro- 
ductory work on the Unden series (Mattson & Lonnemark). 
The Annerstad series is the series there mentioned as being 
located near the south end of the lake Bolmen in the pro- 
yin ce of Smaland in southern Sweden. 

Description of the Annerstad series. 

The profile series was dug on the northeast slope of a low 
sandy elevation in the midst of the Annerstad moor. The 
maximum elevation of this »island» of sand is only about 1 
meter above the surface of the moor and measures about 100 
meters in circumference. 

Location: Latitude == 56° 45' 30", east longitude ==13° 44' 06". 

The trench was dug a few meters north of the highway 
which runs from east to west (Cf. fig. 12 b. The boy stands 
on the highest elevation just in front of the trench.) 

Geology: The nearest rock outcrop, of which there is none 
within 1 km., consists mostly of gneiss but diorite occurs also. 
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The elevation of the moor is 462 feet. The surroniiding country 
consists of low hills of gravelly material. 

Climate: The data for the nearest meteorological station 
Lidhult, about 18 km. to the west-north-west are as follows: 
Average aiiiinal temperature ^ 5.5*^ C (for frost-free period = 
6.0° C), rainfall 886 mm., humidity factors: Langs == 99, Mar- 
tonnes = 41. 

Vegetation : This might be divided into five zones (Cf. figures) 
as follows: 

Zone I: Moor vegetation. The aerial parts of the following 
species were collected: Calluna vulgaris, Oladonia spp., Em- 
petrum nigrum, Erica tetralix, Eriophorum vaginatum, Hylo- 
comiiim spp., Oxycoccus quadripetalus, Sphagnum acutifolium, 
Vacciiiium vitis idaea. 

Zone II: The zone of small trees (birch and pine) limited 
to the base of the slope. Leaves of Betula alba and needles 
of Finns silvestris were collected. 

Zone III: Dominated by a dense cover of Vaccinium uligi- 
nosum of which the twigs and leaves were collected. (Cf. 
fig. 12 a, right side of the boy.) 

Zone IV : An almost pure stand of Molinia’ caerulea (Cf . 
fig, 12 a, left side of the boy). 

Zone V : This comprises the uppermost, level part of the 
elevation and consists of a dwarfed cover of different species 
of Cladonia and of Vaccinium vitis idaea studded with soli- 
tary groups of Calluna vulgaris and Empetrum nigrum and a 
few dwarfed (about 1 meter tall) Populus tremula. The leaves 
of the latter and the aerial parts of the other were collected. 

We shall refer to the vegetation samples as the V- samples. 

The F-Jayer: An F-sample was collected in each zone and 
consisted of the following materials (latin numerals refer to 
the zone): 

Pi: Porna from Scirpus caespitosus. (No other litter avail- 
able.) 

Pn: Leaves, pine needles and twigs. 

Fin: The same as Pn with some remains of Molinia caerulea. 
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Fiv: Forna from Molinia caerulea. 

Fv: Lichens, leaves and twigs. 

The profile series: On jnly 26 1939 a six meters long trench 
was dug from the top of the slope and extending abont two 
meters ont into the level moor. The ground water seeped in 
at the wet end at a depth of 46 cm. 

The profile series, which is partly shown in the photograph 
in fig. 12 a, showed the following main morphological charac- 
teristics: , 

Aq: This horizon increas from 10 cm. at the dry end (^r==600) 
to 140 cm. at the wet end {x = 0. Cf, fig, 13 a). 

^ 2 : This horizon forms a bleached layer which extends 
through the entire series varying in thickness np to 15 cm. 
Toward the wet end the colour becomes darker through a 
higher humus content but the presence of an A 2 horizon is 
unmistakeable even under the thickest layer of peat at the 
wet end. How far into the moor this horizon has developed 
we do not know since we could only with difficulty penetrate 
as far as we did. 

B: The B horizons change, at the dry end, from dark brown 
to [light brown and light gray and, at the wet end, from 
brownish gray through brown to yellowish brown. 

(1: The parent material consists of fine sand. (Cf, table 2.) 

G: The gley horizon is absent. This is mentioned as a 
significant fact in connection with the unusual extension of 
the Ag horizon. 

After errecting the x and v/ axes as in the case of the 
Unden series, (Cf. figures), 129 samples were collected from 
12 separate profiles as previously described. The samples were 
shipped to the laboratory at once, dried in the air and sifted 
through a O.G mm. sieve. 

Mechanical analysis. 

The mineral samples of profiles x = 0 and x = 600 were 
subjected to a mechanical analysis (table 2). The series appar- 
ently consists of quite a uniform material in which the fine 

13 — 39498. Lanthruhshogaholans Annaler. Vol. 8. 
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The elevation o£ the moor is 462 feet. The surrounding: country 
consists of low hills of oTarelly material. 

Climate: The data for the nearest meteorological station 
Lidhiilt, about 18 km. to the west-nortlnwest are as follows: 
Average aiiiiiial temperature = 5.5° C (for frost-free period ~ 
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Fiv.* Forna from Moliiiia caerulea. 

Fv.' Lichens, leaves and twigs. 

The profile series: On July 25 1939 a six meters long trench 
was dug from the top of the slope and extending about two 
meters out into the level moor. The ground water seeped in 
at the wet end at a depth of 46 cm. 

The profile series, which is partly shown in the photograph 
in fig. 12 a, showed the following main morphological charac- 
teristics: 

AqI This horizon increas from 10 cm. at the dry end (a:=600) 
to 140 cm. at the wet end {x = 0. Cf. fig. 13 a). 

^42- This horizon forms a bleached layer which extends 
through the entire series varying in thickness up to 15 cm. 
Toward the wet end the colour becomes darker through a 
higher humus content but the presence of an A 2 horizon is 
unmistakeable even under the thickest layer of peat at the 
wet end. How far into the moor this horizon has developed 
we do not know since we could only with difficulty penetrate 
as far as we did. 

B: The B horizons change, at the dry end, from dark brown 
to ’light brown and light gray and, at the wet end, from 
brownish gray through brown to yellowish brown. 

G: The parent material consists of fine sand. (Cf. table 2.) 

G: The gley horizon is absent. This is mentioned as a 
significant fact in connection with the unusual extension of 
the Ag horizon. 

After errecting the x and y axes as in the case of the 
Unden series, (Cf, figures), 129 samples were collected from 
12 separate profiles as previously described. The samples were 
shipped to the laboratory at once, dried in the air and sifted 
through a O.o mm. sieve. 


Mechanical analysis. 

The mineral samples of profiles a? = 0 and x == 600 were 
subjected to a mechanical analysis (table 2). The series appar- 
ently consists of quite a uniform material in which the fine 

13 — 30498. Lantbrukshdgskolans Annaler. Vol. 8. 
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The Annerstad series shoving the upper and central parts of the profile series. 
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surrounding hills. 
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sand grea% dominates. The clay is more evenly distributed 
than in the Uiideii series. There is, however, an eiirichnieiit 
of clay ill the B-horizoii. 


Tcdhe 2, 

The mechanical analysis of the Aimers tad prof iles .r = 0 
and ar = 600. Per cent of air dry soil. 



]Medium^ sand 

j 

1 Fine sand 

Silt 
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if 

Oj — 0.2 mm. ' 
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0/ i 

/o 1 

1 
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1‘rolile X — 
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3.4 i 
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2(j0 ; 

2.2 

1 87.0 
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Profile X ~ 600. 
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1.9 1 

85.1 j 

~ 
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1 
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! -3.4 

! 26 
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3.2 

i 

; 4,6 
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82.4 I 

2.8 

: 0.4 

I ' 

1.6 
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3.4 

5.1 

50 1 

2.4 

1 89.5 

2.6 

4.2 

1 60 

4.6 

90.9 i 

1.5 

3.1 

1 70 1 

2.9 

91.5 

2.9 

1 3.1 

80 ’ 

2.5 

92.0 

3.2 

3.2 
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3.9 

92.5 

1.2 

3,2 
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0.4 

1 90.9 

1.5 

2.8 

140 1 

1 

89.3 
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1 



_ , 


Loss on ignition. 

The loss on ignition of the V- and F-samples is shown in 
table 3 and that of the profile series in fig. 13 a and 13 b. 

The unusually low values for the loss on ignition of some 
o f the pla nt materials and F-samples lead us to suspect an 
^ Fraction > 0.6 mm. absent. 
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appreciable accnmnlation of dust from the highway, especially 
ill the case ’ of such structures which will favor the retention 
of the dust (i.e., mosses, lichens and litter). It is interesting 
to note, however, that the three species Calluna vulgaris, Em- 
petrum nigrum and Vaccinium vitis idaea, which were col- 
lected at both the dry and at the wet end, show from 1 to 
2 % lower loss on ignition when grown on the hill than when 
grown on the moor. 

The loss on ignition in the profile series has two maxima 
both of which extend through the entire series, one in the 
Ao and one in the B-horizon, This series is, therefore, with 
respect to the distribution of the organic matter much simpler 
than the linden series. 

There is a relatively large amount of organic matter in the 
Ag-horizon where it falls below 2 % in only two of the samples 
(= 1.81 and 1.90 % in X = 400 and 450 respectively). The per- 
centage is, however, not markedly higher in the wet than in 
the dry end. 

The accumulation of organic matter in the B-horizon is con- 
siderable (from 6 — 15 %) but here again it is fairly evenly 
distributed throughout the series. 

The occurrence of an eluviated (Ag) and an illuviated (B) 
horizon at such depths and below the ground water level must 
be ascribed to a special set of conditions. Tamm (1931) found 
no podzolization when the peat layer exceeded a thickness of 
30 cm. A greater thickness is, according to him, always as- 
sociated with a water table which constantly reaches up into 
the peat. With no downward movement of water there can 
be no eluviation and no illuviation; no Ao- and no B-horizon 
developed. Instead we get the unstratified bluish gray (due 
to Fe reduction) bog soil with no accumulation of humus in 
the mineral horizon. 

In the Annerstad series the water table reaches way up into 
the peat layer, at the wet end, during the dryest part of the 
season. In the wet end of the series the podzolized horizon 
must, therefore, be permanently submerged. Hence submerg- 

13 ^— 39498 . 




Fig. 13 a. The loss on ignition of the AnnerstacI series. 
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Table S. 


Tlie perceiita£?e loss on ignition and liie pH in water, in 
N/lOO Xa 2-^04 and in N/lOO EaCl. of the green plant materials 
and of ilie litter (F-layer) of the Aniierstad series. 



Loss on 
ignition 

% 


pH in: 


Difference 

Plant species 

water 

w 

X/lOO 

NaoSO^ 

s' 

N/lOO 
Bad. 
s" “ 

^V s' 

w— s" 


Plant materials: 




Zone I: 







Calluna vulgaris .... 

96.1 

4.77 

4.68 

4.65 

.09 

.12 

Cladonia spp 

91.7 

4.30 

4.13 

3.92 

.17 

.32 

Empetrnm nigrum . . . 

95.7 

4.58 

4.56 

4.51 

.02 

.07 

Erica tetralix 

96,8 

5.09 

4.99 

4.92 

.10 

.17 

Eriopliorum vaginatnni . 

96,8 

5.84 

5.63 

5.32 

.21 

.52 

Hyloeomium spp. . . . 

80.1 

4.73 

4.61 

4.29 

.12 

.44 

0 xy CO ecu s q uaclr i p et al n s 

96.5 

4.49 

4..58 

4,89 

— .09 

.10 

Sphagnum aciitifolium . 

82.3 

4.46 

4.21 

3.73 

.25 

.73 

Yaeciniiiin xitis idaea . 

96.1 

4.54 

4.60 

4.54 

— .06 

.00 

Zone II: 







Betula alba 

94.9 

5.08 

5.16 

4.97 

.08 

,11 

Finns siivestris .... 

97.5 

4.35 

4.34 

4.23 

.01 

.12 

Zone III: 

Vuceinium uliginosum . 

96.7 

4.30 

4.34 

4.27 

— .04 

.03 

Zone IV: 




1 



j Molinia caerulea . . . . ’ 

93.7 

5.35 

5.35 

5.28 ' 

1 .00 

.07 
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95.0 
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4.49 
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Empetrnm nigrum . . . 

93 .S 

4.56 

4.56 

4.51 

.00 
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5.54 
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.04 
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eiice does, evidently, not preclude podzolization. This process 
must be the result of a downward movement of the soil so- 
lution under conditions of a negative base status (adsorbed 
acids in excess of adsorbed bases) independent of the ground 
water table. 

The vertical movement of water in a submerged soil can 
be upward as well as downward independent of the humidity 
of the region. 

The movement must be uj)ward (from the mineral soil into 
the peat) when there is a seepage from the surrounding eleva- 
tion. This might be the most common condition. This up- 
ward movement of water in the submerged mineral horizon 
leads to the formation of the bluish gray bog soil: Eeducing 
conditions, relatively high base status, no infiltration (illuvia- 
tion) of humus, no podzolization and no differentiation into 
horizons. 

A downward movement of the water (from the peat into 
the mineral horizon) must result when the geological and topo- 
graphical conditions are such that drainage is established 
through the more pervious mineral deposit. Ordinarily, ground 
water has a relatively high base status and opposes rather 
than induces podzolization. But if the ground water has never 
been in contact with a mineral de];)osit but represents the 
drainage from a sour highmoor peat its passage through the 
mineral soil must, even under conditions of submergence, lead 
to the development of a humus podzol. Such are, apparently, 
the conditions in the Annerstad series. The water moves from 
the peat into the more pervious sand through which drainage 
is, in some way, established. It is hoped that a study of the 
difference in ground water level between the dry and the wet 
end of the series, which is now being conducted, will solve 
this problem. 

The pH. 

As in the case of the Unden series we have determined the 
pH in water and in two salt solutions but instead of N/l KOI 




Zones.- 
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Fig. 18. The difference between the pH of the soil in water and in the 
in the Annerstad series of profiles. Positive values = exchange 
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salt solutions (N/lOO NaaS 04 and BaOla) at the various depths (y-values) 
acidity. Negative values = exchange alkalinity. 
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we are now using N/lOO BaClg wMcli better corresponds 
to the use of N/lOO in a study of amplioteric inter- 

actions. 

The pH in water: The pH of the V-samples varies between 
4.30 (Gladonia spp. and Vaccinium uliginosum) and 5.95 (Po- 
piikis treiimla). The pH is in every case lower in the Anner- 
stad than in the XJnden samples of the same species (table 3). 

The values for the P-samples vary between 4.15 and 5.09. 
The high proportion of birch leaves in zones II and III un- 
doubtedly accounts for the relatively high pH-values. 

The pH in the profile series gives, like the loss on ignition, 
a vei'y simple picture (fig. 14 a, 14 b). In the peat the pH is 
< 3.5, in the A-horizon it is 3.5 — 4.0 and in the B-horizon it 
is >4.0 in the entire series. The pH increases with the depth, 
ill one profile {x=^ 150) to 5.09, but there are only a few 
values greater than 4.60. The lowest pH, is 3.01 (in profile 

X = 0 ). 

The pH in NilOO BaGhp The V- and the P-samples yield 
in most cases an appreciable lower pH in this solution than 
in water. In the case of Sphagnum moss the exchange acidity 
amounts to 0.73 pH-units (table 3). 

In the profile series the pH of the peat has fallen below 
3.0 (lowest value 2.6?), the pH of most of the A-horizon has 
fallen below 3.60 and that of the upper B-horizon has fallen 
below 4.0 (fig. 15 a and 15 b). This solution yields, therefore, 
an exchange acidity in every sample. 

The pH in Nil 00 Xa 2 iSOp. The Y~ and the T-samples yield 
a pH in this solution which, in most of the samples, is some- 
what lower than the pH in water. In several of the samples 
the difference is however insignificant (table 3). 

In the profile series the pH values in the sulphate solution 
is lower in the peat and higher in the mineral hoinzons than 
the pH in water. In the peat we get exchange acidity and 
ill the mineral horizons exchange alkalinity (fig. 16 a, 16 b, 
17 a and 17 b). 
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Amphoteric reactions in the separate profiles^ 

Mgare 18 shows the exchange reactions .in the two salt 
solutions of the materials from the individual profiles. 

As ill the case of the Unden series the picture it a com- 
plex one and no attempt to interprete the curves will be made 
before the samples have been analysed. In studying the figure 
the following facts must be born in mind: The exchange re- 
action of a soil material in a given salt solution (as compared 
to the reaction in water) is determined by (Mattson & Wik- 
lander): 

1. the concentration of the salt solution; 

2. the saturation of the soil with acid or base; 

3. the activity ratio of acidoids to basoids and 

4. the concentration of the colloid. 

As an example let us consider the fluctuations in the ex- 
change alkalinity in the N/lOO NagSO^ solution. 

Differences in exchange alkalinity may be due to differences 
in base saturation: A soil saturated with a certain amount of 
base does not exchange its OH ions for the anions of the salt 
and does, therefore, not yield any exchange alkalinity. Dif- 
ferences in exchange alkalinity may also be due to differences 
in the acidoid/basoid ratios as it in the podzol profile gener- 
ally is the case. But since the maximum in exchange alkal- 
inity occurs at a lower concentration of NagSO^ the lower the 
proportion of basoids to acidoids, the fluctuations in exchange 
alkalinity will be greater when determined by the use of one 
single concentration of salt (i. e. JST/lOO) instead of a concen- 
tration which produces a maximum in exchange alkalinity in 
each sample. Thus, where the proportion of basoids is very 
low, a N/lOO solution of Na 2 S 04 may produce an exchange 
acidity whereas a more dilute solution will yield an exchange 
alkalinity. Differences in exchange alkalinity may, finally, be 
due to differences in colloid content, but here again it must 
be born in mind that the maximum in exchange alkalinity 
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occurs at a lower concentration of ISra 2 S 04 the lower the col- 
loid content of the soil. 

From what has been said it is clear that the results ob- 
tained ill a study of the exchang*e reactions in a soil profile 
are strictly comparable only if the samples are all as good as 
completely uiisatiirated and if the pH determinations are made 
ill that conceiitration of the salt solutions which produces a 
maximum in valence effect as expressed by an exchange al- 
kalinity or exchange acidity, This would, however, require a 
much greater number of pH determinations (in order to find 
the maximum effect) and has therefore not been done in the 
present work. 

Besides the fact that it is only the mineral samples which 
yield an exchange alkalinity in N/lOO Na 2 S 04 solution we 
note ill fig. 18 that the difference between the pH- values 
in the two salt solutions (the distance between their curves) 
is smallest in the peat. This is probably in part due to a 
partial base saturation of. the peat and to its low basoid con- 
tent leading to an exchange acidity in both salt solutions and 
hence to a smaller difference. 

The |}H of the samples of profile x = 150 was determined 
in If/TOO solutions of MgCL, CaCL and LaCl^ in addition to 
BaClo. We note a considerable increase in exchange acidity 
ill the following order 

Mg < Ca < Ba < La 

but only in the mineral samples; in the peat samples there 
was no definite effect. The sudden increase in exchange acidity 
of the lowest samxile [y = 225) in this profile in all of the 
salt solutions must, in view of the exceptionally high pH in 
water (5.09), be ascribed to a higher base status. 

Summary. 

The Annerstad hydrolytic podzol series covers a six meter 
long trench dug from a low hill into the surrounding moor. 
The series consists of 12 profiles from which 151 samples 
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were taken including 17 species of plants and 5 samples of 
litter. 

This paper is a report on the loss on ignition and the pH 
in water and in N/lOO and BaCU of the samples. 

The Annerstad series differs from the preTionsly reported 
Unden series in that it is podzolized and possesses a bleached, 
A 2 horizon deep under the water table and below a 140 cm 
layer of peat. 


Sammanfattning. 

Den bar beskrivna hydrologiska podsolserien harstammar 
fran en 6 meter lang grop, som gravts i en lag sandkulle i 
Annerstadsmossen (fig. 12). 

Serien utgores av 12 profiler omfattande 151 prov, ar vilka 
17 ntgjorde prov av vaxtligheteii och 5 av fornan. 

Avhandlingen innehMler uppgift over mekanisk analys (ta- 
bell 2), glodforlnst sanit pH i vatten och i N/lOO ISTa^SO^ och 
BaCh (tabell 3 saint fig. 13 — 18). 

Annerstad-serien skiljer sig fran den tidigare iindersokta 
Unden-serien i hnvudsak darnti, att den visar tydliga tecken 
till podsolering med blekjord djnpt under grundvattnet och 
torven. Detta forklaras tills vidare sa, att sanden genomsilas 
av det frail mossen kommande sura vattnet. 
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The Metabolic Behaviour of Phosphorus. III. 

Balance Sheets of Phosphorus in Full-grown Rats Fed 
with Tri-stearine and Sodium Inositol Hexaphosphate. 

By A. WESTERLUND. 

Froyn the Physiological Instifuie. 

The present paper is the third in a series on the metabolic 
behaviour of phosphorus and is concerned with inositol phos- 
phorus. This form of phosphorus has a wide distribution in 
food stuffs, especially the cereals. McCance and Widdowson 
(1935) have analyzed the edible grains from a number of 
cultivated plants and have found the inositol phosphorus to 
vary from 41 to 68 per cent of the total phosphorus present. 
Investigations of the variation of these percentages within 
one and the same species have been published by Haeris and 
Bunker (1934) for maize only. Half of their determinations 
lie between 66 and 74 per cent of the total content. 

Different opinions as to the amount of phosphorus which 
can be absorbed by the intestines from the inositol compound 
have been set forth in the literature. Generally, a hydrolysis 
is assumed to be the initial phase. But whether the requisite 
phosphatase is excreted actively by the intestinal mucosa or 
passively brought to the intestines in the cereal part of the 
diet, does not seem to have been settled. Possiblj^ there are 
dissimilarities between different species in this respect. 

In a long series of investigations Mellanby (1937) has shown 
that cereal grains, especially oats, must be considered directly 
rhachitidogenic for dogs and rats. The responsible factor does 

14 — 39498. Lanthrukshogsholans Annahr. Vol. 8. 
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not seem to be any of the three dietetic characteristics -which 
the classical concept of the rhachitidog-enesis regards as snffi- 

cient, viz. (1) a low supply of vitamin D, (2) a low supply of 
total phospiioriis, (3) an abnormal proportion of calcium to 
total pbospborus in the food. In spite of many attempts, 
MelTjANBT failed to get any idea of tbe nature of the rickets 
producing factor. 

The question was taken up by Bruce and Callow (1934), 
who found that sodinm inositol hezaphosphate does not prevent 
common rat rickets, when added to a diet low in vitamin D 
and phosphorus, and high in calcium. They conclude that 
inositol phosphorus is less available for intestinal absorption 
than inorganic phosphorus, and see in this fact one of the 
reasons for Mellazby’s result. 

Harris and Bunker (1934) discussed the problem from another 
point of view. They sought for a positive covariation between 
the dietary content of inositol phosphorus and the severity of 
rickets, given by them as a number of plus up to four. Their 
results have been summarized by the present writer as follows: 



Mean of the 


degree of 

percentage of 

Number of 

rickets 

inositol-P in 

animals 


the diet 


0 

.183 

6 

1 

.112 

7 

2 

.177 

13 

3 

.181 

13 

4 

.202 

1 


If the rickets x'esisting group of animals is omitted, the 
positive covariation between the inositol phosphorus content 
in the diet and the degree of rhachitis is quite obvious. But 
this covariation is far from being significant, as the differences 
between the means of inositol phosphorus content are not 
significant. The entire set of inositol phosphorus determina- 
tions may be considered homogeneous. Harris and Bunker 
warn not to lay too much emphasis on the content of inositol 
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pliospliorus in rhacliitidogenic diets rich in cereals, and sngo'est 
the existence of other factors which may possess a much heavier 
effect than sodium inositol hexaphosphate. 

Direct determinations of the intestinal availability of inosi- 
tol phosphorus in human beings have been performed by 
McCance and Widdowson (1935). They have fed large amounts 
of phosphorus as calcium magnesium inositol hexaphosphate, 
with the patented name »phytin», and have used the tradi- 
tional method of determining the difference between the oral 
intake and the fecal outgo. ISFo record of the intake of cal- 
cium is given. Of the four experimental subjects, the three 
adults (one man and two women) eliminated in an unchanged 
form an average of 46 per cent of the inositol phosphoxms 
ingested. The child, a boy of four years, eliminated 23 per 
cent, but this experiment is said not to have been so reliable 
as the others. This investigation shows that a certain, though 
variable, amount of the inositol phosphorus ingested may be 
considered unavailable for intestinal absorption, but it does 
not give any opinion as to the fate of the remaining part 
(54 and 77 per cent respectively). A considerable part of this 
may have been hydrolysed in a caudal niveau of the bowel, 
the phosphorus absorbing capacity of which however is poor. 
As a rule, the content of total phosphorus in the intestinal 
excreta was considerably greater than the quantity of inositol 
phosphorus ingested. 

On the basis of their chemical analyses of diffei'ent food 
materials, McCanoe and Widdowsox (1935) tried to evaluate 
the consumption of inositol phosphorus from freely chosen 
diets in 63 men and 63 women of the English middle class. 
They found that a maximum value of about 20 per cent of 
the phosphorus intake is in the form of inositol phosphorus. 
This fact holds good only for England, where the middle class 
derives most of the phosphorus consumed from animal and 
not from vegetable soui'ces. With the poorer classes, especially 
in other countries, where cereals constitute a more substantial 
part of the diet, the consumption of total phosphorus may 
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point in the wrong* direction as to the estimation o£ the intake 
of avail al)le phosphorus. 

Lowe and Stebnbock (1936), using adult rats (femals) as 
test objects, have confirmed the observations of McCance and 
WiDDOwsoN as to the low availability of inositol phosphorus. 
Furthermore, they have found that the consumption of calcium 
must be considered, as an addition of CaCOg is followed by 
a marked decrease in the intestinal availability of the inositol 
phosphorus. This depression is demonstrated by an enormous 
drop in the renal excretion of phosphorus, and by the fact 
that the total excretion of inorgamc phosphorus is reduced to 
about one fifth. The authors conclude that the intestinal flora 
must be given much consideration in the solution of the 
problem of the intestinal availability of inositol phosphorus. 

The experiments hitherto reviewed have been performed using- 
intact animals as test objects. Attempts, by vivisectory methods, 
to determine directly the intestinal absorption of phosphorus 
from different sources have been made by Laskowsky (1937) 
in Yerzar’s laboratory at Bale. He injected 3 ccm of the 
phosphate solutions used into two strangulated loops of the 
small intestines in adult rats after laparotomy, and closed the 
abdominal wall. After one hour the abdomen was reopened, 
and the phosphorus content in the loops was determined. The 
results showed a small diffex'ence in the intestinal capacity to 
absorb sodium phosphate and sodium inositol hexaphosphate, 
but the difference was quite insignificant, as is shown by the 
following analysis: 

difference == .0651 per unum (= 6.51 per cent), 
s- (1/9 + 1/5) = .00 74 10, 
t = .76; n = 12. 

The corresponding value of P (probability) in Fishee's (1930) 
Table IV is in the region of .5, and cannot be regarded as 
significant. 
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On the other hand, Laskowskt’s experiments demonstrated 
a sig:nificaiit difference in the phosphorus absorbing power 
between the cranial and the caudal loop, the former being 
more effective than the latter. — - The conclusion to be drawn 
from the experiments now under consideration is that the rat 
intestines secrete a phosphatase which is capable of hydrolysing 
sodium inositol hexaphosp>hate. Another interesting result of 
the investigation was the fact that vitamin failed to show 
any favourable effect upon the absorption of phosphorus from 
different sources, while Collip’s Parathormone caused a consider- 
able amount of this element to be taken up. 

Similar results as to the hydrolysis of inositol phosphates 
were obtained by Patwardhan (1937), who extracted the 
responsible phosphatase from the intestinal mucosa of both 
adult and suckling rats. The pH optimum of the enzyme is in 
the region of 7,8. The reviewer must add that this value is 
probably never attained in the small intestines. A very im- 
portant observation of Patwardhan must be emphasized, viz. 
that magnesium ions intensify the activity of the inositol 
phosphatase. Hence, I'esults from experiments with »Phytin>i 
cannot be generalized. Patwardhan concludes that a hydro- 
lysis of inositol phosphates irrefutably takes place in the 
intestinal tract of albino rats, and that this hydrolysis is truly 
enzymatic in. nature. It is brought about to a considerable 
extent by an enzyme secreted by the intestinal mucosa, and 
not exclusively by the vegetable phosphatases included in the 
cereal part of the diet. This conclusion, however, holds good 
for rats only. Intestines of guinea-pigs and I'abbits yield in- 
active or only feebly active extracts. 

Eecently, Mellanby and Harrison (1939) have taken up 
the problem of the inositol phosphoric acid and the rhachitido- 
geiiic action of cereals to renewed experimentations, using 
puppies as experimental animals. They reject the hypothesis 
that the phosphorus of inositol phosphates should be especially 
unavailable to intestinal absorption, and, instead, focus the 
attention on calcium in this respect. They suggest the 
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possibility that inositol liexapliosplioric acid of cereal origin 
renders the absorption of this element more difficult than 
otherwise. 

The present iiivestigation did not ha^e such a circnmscript 
aim as most of those reviewed above. The object was to 
determine the general character of the metabolism of phos- 
phorus from inositol hexaphosphate. The preparation used 
was the sodium salt, obtained from Messrs Ciba, Lmtd. in 
Bale. Its phosphorus content was determined by us and found 
to be 18.57 per cent, on a dry basis. Otherwise, as to general 
planning, the present investigation resembled the previous one 
of this series (Westurluxb, 1939). As formerly, a deeply 
negative calcium balance was induced in the animals, brought 
about partly by a very restricted intake of this element, and 
partly by an abundant supply of tri-stearine. Furthermore, 
the diets were lacking in vitamins A and D. The purpose of 
these measures was to make the fecal calcium essentially 
endogenous in origin. 

The Experimental Procedure. 

The experimental animals consisted of 10 male albino rats 
taken from our own colony. They are referred to in the text 
by a letter and a figure. The letter denotes the food mixture, 
the figure the animal The body weights at the end of every 
24 hours period are given in Tab. 1. The bottom line shows 
the means. 

Tab. 1, 

The body weights of the animals in kilograms at the end 
of every 24 hours experimental period. 


al 

a 2 

bl 

b2 

e 1 

c 2 

dl 

d2 

el 

e2 

.253 

.223 

.261 

.221 

.260 

.263 

.343 

.349 

.360 

.406 

.257 

.225 

.253 

.221 

.261 

.263 

.343 

.346 

.359 

.407 

.255 

.225 

.253 

.225 

.261 

.263 

.338 

.342 

.356 

.402 

.254 i 

.229 

.253 

.223 

.261 i 

.264 

.336 

.343 

.354 

.400 

.254 1 

.229 

.251 

i .223 

.263 

.268 

.336 

.343 

; .354 

.400 

.254 

.230 

.250 

.221 

.261 

.268 

.334 

! .340 

.354 

.400 

.255 j 

.227 i 

i .254 1 

.222 i 

.261 

! .265 

.338 

.344 

.356 1 

.403 
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The experiments ran for 10 days, the first four of which 
constituted the preparatory period. The actual test period, 
during which the excreta and the wasted food materials were 
collected and analysed, began with the 5th day and lasted 
6 days. All figures in Tab. 1 and following relate to this test 
period. The pre-experimental treatment of the animals as 
well as their experimental cages were the same as in the 
previous investigation. 

The experimental diets. The preparation of the food mixtures 
and the composition of the basal food, including the salt 
mixture used, were likewise the same as in the previous in- 
vestigation. In the present case also, we tried to equalize 
the sodium content of the different diets by adding calculated 
quantities of sodium bicarbonate (NaHCO^). Two rats received 
the same food mixture. As to the starch ingredient in the 
mixtures, it should be noted that it originated from a different 
batch in the food mixtures Nos. A, B and C than in the food 
mixtures Nos. D and E. As no attempts were made to remove 
calcium and phosphorus from the starch, differences in the 
calcium content of the two groups of food mixtures were 
to be expected. Every mixture contained 30 grams of tri- 
stearine. 

The total food consumption of the individual rats is given 
in Tab. 2. A glance at the Table shows that the appetite 


TaK 2. 


Total food consumed, dry substance in dekagrams. 


a 1 

a 2 

bl 

b2 

cl 

c2 

di 

d2 

el 

e2 

1.11 

1.35 

1.01 

1.03 

1.06 

1.10 

1.40 

1.42 

1,35 

1.41 

1.36 

1.40 

1.27 

1.32 

1.34 

1.32 

1.40 

1.41 

1.34 

1.41 

1.37 

1.39 

1.26 

1.28 

1.25 

1.31 

1.41 

1.40 

1.36 

1.42 

1.38 

1.44 

1.28 

1.37 

1.37 

1.42 

1.42 

1.42 

1.37 

1.45 

1.47 

1.46 

1.33 

1.36 

1.38 

1.37 

1.42 

1.44 

1.40 

1.46 

1.49 

1.60 

1.32 

1.38 

1.40 

1.46 

1.42 

1.45 

1,43 

1.47 

1.362 

1.423 

1.246 

1.290 

1.300 

1.330 1 

1.412 

1.423 

1.375 

1.437 
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lias been fairly reg’ular from day to day during* the experiment. 
All analysis of variance reveals that tbe variation between the 
animals has been significantly wider than within them. 


The Accuracy of the Chemical Analyses* 

The methods of chemical anabases were the same as described 
in the previous investigations of this series. Actual analyses 
were only made for Ca and P, the percentages of the other 
ingredients being obtained by calculation, on the basis of the 
weighed quantities of them and of the dry weights of the 
ready-made food mixtures. Consequently, the accuracy of the 
data for the consumption of the last-named ingredients is not 
so great. 

The analyses obtained for 2^^^08}:)liorus ^ reduced to a dry basis, 
have been tabulated in Tab. 3, which shows the inositol 
phosphate addition and the dry weights of the food mixtures 
as well. 


Tab, 3 . 

The P percentages of the food mixtures. 


: A ! 

« 1 

1 ^ 

1 : 

! ® 

Phosphate added, g 

1 2.53 

1.25 

1.90 

4.96 

3.76 

W’ eight, g 

, 326 

320 

315 

336 ! 

336 

P-percent. 

.1508 

.0038 

.1154 

.2972 

: .2369 


.1584 

.0865 

.1201 

.2976 

.2372 


.1530 

.0872 

.1252 

.2968 

.2364 

Means 

.15407 ; 

.08917 

.12023 

.29720 

.23683 


Concerning the starch, we divide the food mixtures in two 
groups, one including the diets A, B and C, the other the 
diets D and E. If the P percentages of the former are 
adjusted by regression to a similar addition of phosphate, and 
this new set of P percentages is put through an analysis of 
variance, we find that the variation within the food mixtures 
is wider than between them. The same results is obtained 



The Metabolic Behaviour of Phosphorus. Ill 


217 


also for the food mixtures Nos. D and E, reg-ardless of whether 
we use the regression coefficient of the first group or use the 
value of it actually derived from them. 

The accuracy of the original P determinations is illustrated 
ill Fig. 1. It shows clearly the existence of two groups of 
P determinations. If now — by the aid of the regression 
coefficient for the first group — we calculate by extrapolation 



Phosphate added 


Fig. 1. The regression of the means of the P percentages in the individual 
food mixtures upon the phosphate addition. The same regression coefficient 
has been used for the two groups. 


the values of P percentage in a food mixture without any 
addition of inositol P, we naturally obtaine two values, one 
relating to the first group, the other to the second, or; 


for the food mixtures D and E 0457, 

» >> » » A, B and C 0249, 

ratio 1.84. 


The analyses obtained for calcium, reduced to a dry basis, 
are given in Tab. 4. It shows that the Ca percentages in 
the food mixtures D and E are higher than in the remaining 
ones, and a numerical analysis shows that this difference is 
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liiglilj significant. The means of the Ca percentages in the 
5 food mixtures are as follo-ws: 


in D and E 0254, 

» A, B and C 0137, 

ratio 1.85. 


The ratio attains the same value as for the extrapolated P 
percentages. This agreement confirms the accuracj of the 
determinations of P and Ca. Furthermore, it can be derived 
from Tab. 4, that the variation within the food mixtures is 
wider than between them, if both groups are taken separately. 

TaK 4. 

The Ca percentages of the food mixtures. 


A 1 

B ; 

c i 

D 1 

E 

.0117 ! 

.0120 1 

.0146 1 

.0263 

.0251 

.0178 ; 

.0142 I 

.0133 j 

.0256 

.0249 

,0110 1 

.0146 1 

.0140 

.0254 

.0252 

. 01^50 ; 

.01360 j 

.01397 

1 .02577 

1 .02507 


But on the other hand, returning to the P percentages, if 
we calculate the P percentages in the different food mixtures 
on the basis of their di 7 weight and with due allowance to 
the extrapolated values in a food mixture without an addition 
of inositol P, we find higher values than those actually deter- 
mined by chemical analysis. Therefore, in the preparation of 
the food mixtures, considerable losses of inositol P must have 
taken place. The mean of these losses amounts to 9 per cent, 
with a moderate variance. 

The Problem. 

The object of the present investigation, like that of the two 
previous ones in this seiies, was to present complete balance 
sheets for phosphorus and calcium at different levels of intake. 
Furthermore, it seemed desirable to seek for the factors which 
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determine the elimination of these elements with the excreta 
of the animals. The solution of this problem was broug’ht 
about by the aid of numerical analysis, and in doing* so 
extensive use was made of Student’s f test (cf Pishee, 1930) 
as a criterion. 


Phosphorus. 

The renal elimination. The amounts of phosphorus, elimin- 
ated by the kidneys during periods of 24 hours, are given 
in Tab. 5. For the same reason as in the previous communi- 
cation, only one value can be given for each rat. It denotes 
one sixth of the total urinary phosphorus from all six experi- 

Tal. 5. 

Mean values in centigrams for urinary phosphorus in the 
individual rats during 24 hours. 



a 

b 

c 


e 

1 

1.697 

2.083 

1.939 



4.097 

2.689 

2 

2.554 

1.747 

1.693 

3.979 1 

3.059 


mental days, and, consequently, represents a mean value. The 
method of obtaining these means excludes the knowledge of 
their numerical structure. Tab. 5 shows a considerable varia- 
tion between the animals on different diets. This result was 
expected. More unexpected was the wide deviation between 
the two animals fed with the same food mixture. This is 
especially marked for diet No. A. A deviation small enough 
to be regarded as obtained at random is found for diet 
No. D only. 

Because of the considerable number of observations, the 
numerical analysis was carried out in the usual way, i. e. by 
calculating net regression coefficients of the different con- 
comitant variates after successive introductions of them into 
the system of the observation equations. The first variate 
introduced in this way was the daily consumption of phos- 
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pliorus. These c|iiaiitities are given in Tab. 6. A glance at 
it shows that the variation between the animals is much wider 
than within them. 


Tab. 6. 


The daily eoiisiimption of phosphorus, in centigrams. 


al 

a 2 

bl ! 

1 

1i2 

c 1 

c 2 

dl 

(12 

e 1 

e 2 

1.72 

2.08 

.90 i 

.92 

1.27 1 

1.32 

4.16 

4.22 

3.21 

3.35 

2.08 ! 

2.10 

1.13 ! 

1.17 

1.62 

1.59 

4.16 

4.20 

3.18 

3.33 

2.11 '! 

2.14 

1.13 ' 

1.14 

1.51 

1.58 

4.20 

4.17 

3,22 

3.36 

2.13 ' 

2.22 

1.14 : 

1.22 i 

1.65 ! 

1.70 

! 4.21 1 

4.21 

3.24 

3.43 

2.26 

2.25 j 

1.19 i 

1.21 i 

1.66 i 

1.65 1 

4.21 

4.27 

3.32 

! 3.45 

2.29 ' 

2.31 : 

1.18 : 

1.23 1 

1.68 i 

1.75 

4.22 

4.30 

3.38 

3.47 

2.098 1 

2.193 

1.112 i 

1.148 

1 1.505 1 

1.508 

4.193 

4.228 

3.258 

3.308 


The calculation of the coefficient for the regression of the 
renal phosphorus elimination upon the phosphorus consumption 
results in a highly significant value. On the other hand, the 
regression line cannot be said to represent the observations 
in a fully satisfactory way. On the contrax’y, a systematic 
trend is observed in the difference between the observed values 
and those adjusted by regression. This trend is so marked 
that the question arises whether the observations would not 
be better represented by a curved line. This seems to be the 
case, for, if we use the formula 

y = ao 4- 

where y denotes urinary phosphorus and x food phosphorus, 
we obtaine a value for which is 10 times its mean error. 
But an analysis of the significance of the two covariations 
proposed (one recti-linear, the other cuiwi-linear), using .s' as a 
criterion, shows but a small difference between the two values 
of Furthermore, there is a physiological reason against the 
possibility of the regression line being curved. Our line has 
the concavity upwards. A covariation of that kind does not 
seem to be in accord with known physiological facts, at least 
not within the fairly wide range of |)hosphorus consumption 
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wliicli has been realized in the present investigation. A con- 
cavity downwards would be more resonable, as the intestinal 
absorption, and, consequently, the renal excretion must be 
■assumed to approach a constant value with the character of 
an asymptote parallel to the abscissa. We, therfore, postulate 
that all the covariations discussed in the present communica- 
tion can be represented by straight lines. 

The continued introduction of concomitant variates gave the 
result that, aside from the phosphorus consumed, only two, 
viz. the fecal phosphorus and the fecal calcium, can be regarded 
as joint controllers of the renal phosphoric elimination. This 
result is shown in Tab. 7. 


Tal, 7. 

Net regresssion coefficients (P) of three variates^ succes- 
sively introduced into the system of observation equa- 
tions, for covariation with the renal elimination of phos- 
phorus. 



P±s(P) 

t 

P=te(P) 

* 

r±sP} 1 

t 

P consumed 

+ .70± .10 

7.0 

+ .72 ± .09 

8.0 

.87 ± .11 j 

7.9 

Fecal P 



— .65 ± .48 

1.4 

-2.57±1.02 j 

2.5 

Fecal Ca 





+ 1.60± .73 1 

2.1 

Error 

± .36 

± .33 

± .29 


Table 7 also shows, that the significance of the two addi- 
tionally introduced variates is rather low. One detail, however, 
should be noted, viz. the considerably raised significance of 
fecal phosphorus caused by the introduction of fecal calcium. 
Such a resnlt is sometimes found following successive introduc- 
tions, when the introduced variates are correlated mutually. 
Such is the case here. The coefficient of the regression of 
fecal phosphorus upon fecal calcium is 3.4 times its mean 
error, and, therefore, must be considered clearly significant. 
The consequence of this is that the covariation between urinary 
phosphorus and fecal calcium may be regarded as a covariafio 



222 


A. Westerlund 


spuria, Tiie cjiiestion may be settled by freeing’ the values of 
fecal phosphorus from the simultaneous variations of fecal 
calcium. If this is done, and the residuals thus obtained are 
introduced into the system of observation equations, together 
with the data for phosphorus consumption and for fecal cal- 
cium elimination as well, the net regression coefficients of 
Tab. 8 are obtained. This new calculation relieves the fecal 
calcitiin of all significance. 


Tal), 8, 

Net regression coefficients of three variates for covaria- 
tion with the renal elimination of phosphorus. 


1 

P*fe'P) j 

t 

P-f sfP) 

1 * 

P± £ C 

P) 1 t 

P consumed 

.70± .10 

v.o 1 

+ .80+ .09 

9.6 


Fecal P : 1 

residuals l 1 

. 1 i 

-2.54 ± .92 

2.8 

1 

! 

Feeal Ca 1 | 


1 

1 

- .03± 

.31 ! .1 

Error j 

± .36 


1+ 1 

■+r { 


1 + 

.29 


The conclusion to be drawn from this discussion is that 
only tw^o concomitant variates show significant covariations 
with the renal elimination of phosphorus, viz. the phosphorus 
consumption and the x^hosphorus content in the fecal excreta, 
when due allowance is made for such parts of the last-named 
variate as co variate with the calcium content of the feces. 
The significance of the influence of fecal phosphorus is by no 
means high, as the corresponding probability is in the vicinity 
of .03. However, it may be considered of sufficient significance 
to show the tendency for a decrease in fecal phosphorus co- 
existent with an increase in the urinary phosphorus. 

If now — by the aid of the last-mentioned regression co- 
efficient — the values of urinary phosphorus are freed from 
the influence of fecal phosxAorus, we get a correspondence 
between these residuals and the phosphorus consumption, which 
is illustrated in Tig. 2. 
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The regression line is practically a diagonal, as the regres- 
sion coefficient for such a line (1.00) does not differ significantly 
from the regression coefficient actually obtained (.86). The 
diagonal cuts the y-asis at a value of .07 centigram, i. e. 
practically in origo. The conclusion to be drawn from this is, 
that above a basal value of .7 milligram, obtained by extra- 


eg 



Fig. 2. The regression of urinary phosphorus upon phosphorus consumption, 
when other influencing factors are assumed to he constant. 


polation, the whole quantity of phosphorus consumed is re- 
covered in the urine. 

Pig. 2 shows that considerable differences between the ob- 
served values and those adjusted by regression still remain. 
If these differences are determined and algebraically added to 
the mean of the urinary phosphorus, the values in Tab. 9 are 
obtained. Consequently, they represent residuals of urinary 
phosphorus, i. e. freed from the influence of varying phos- 
phorus consumption and varying fecal phosphorus elimination. 
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Tah. 9, 

]\Iean values of urinary phosphorus in the individual rats 
during 24 hours in centigrams, when phosphorus con- 
sumption and feeai phosphorus elimination are assumed 

to be constant. 



a ! 

^ 1 

c 

a 

e 

1 

2.10 

2.73 

2.85 

2.80 

2.60 

2 

2.67 ; 

2.59 i 

2.27 

2.41 

2.52 


Mean = 2.554 


111 order to strengthen the results in Tab. 8, one can test 
these residuals as to a covariation with other concomitant 
variates. Such a covariation with a significance to be spoken 
of cannot be demonstrated. Therefore, an account of the 
residuals in Tab, 9 cannot be given. They must depend on 
non-reeorded factors. 

The fecal elimination. The experimental data for the fecal 
elimination of phosphorus are given in Tab. 10. 

Tah. 10. 


The fecal phosphorus elimination, in centigrams, in the 
individual rats during 24 hours. 


a 1 

a 2 1 

hi 

h2 

c 1 

c2 

dl 

d2 

e 1 

e2 

1.14 : 

.90 ' 

.27 

.33 

: .94 

.97 

.61 

.71 

.60 

.45 

.79 I 

.76 1 

.30 

.33 

^ 1.20 

.70 

.53 

.68 

.92 

.49 

.84 i 

.85 : 

.29 

.24 

1.28 

.53 

.93 

.65 

-68 

.60 

.75 

-67 

.27 

.32 

’ .99 

! .67 

.63 

.61 

.59 

.48 

.69 i 

.79 ! 

.32 ^ 

.28 

! .93 i 

i .59 

1 .54 

.50 1 

.54 

.47 

.67 

.76 1 

.32 1 

.24 

i .90 1 

.62 

.57 

.59 

! .97 

.()0 

.813 i 

.788 i 

.295 I 

.290 

1.040 1 

.680 , 

1 .635 

i -623 

1 .717 

.515 


llje analysis of variance (Tab. 11) gives the difference s a 
Talue".of 1.5, whereas Fishee’s Table YI for the 5 per cent 
point has a value in the region of .4, thus indicating that 
the variation between the animals is significantly wider than 
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Tab. 11. 

Analysis of variance of the fecal phosphorus elimination. 


Source of 
variance 

Degrees of 
freedom 

Sum of 
squares 

Mean 

squares 

S.D. 

log. nat. 

10 S. D. 

within the 
animals 

50 

.7675 

.01535 

.1239 

.214 

between the 
animals 

9 

2.8621 

.31801 

! 

.5639 

j 

i 1.730 

I 

1 

total 

59 

3.6296 

z = 1.52 


within them. A contributory cause to this result is the dif- 
ference between two animals receiving* the same food. These 
differences are given in Tab. 12. As shown there, the dif- 
ference between animals Nos. cl and c 2 is especially con- 
spicuous. 


Tab. 12. 

The differences in the fecal phosphorus elimination be- 
tween the two animals on the same treatment, and the 
significance of these differences. 


Difference between ' 

centigram 

t 

a 1 and a 2 

.025 

i .32 

b 1 and b 2 

.005 

1 .25 

c 1 and c 2 

.360 

1 3.97 

d 1 and d 2 

.012 

i .18 

e 1 and e 2 

.202 

1 2.54 

rainimiim 


3.17 


Among the variates which show a significant gross covaria- 
tion with the fecal elimination of phosphorus, the co-existent 
elimination of calcium must be mentioned. The traditional 
numerical analysis reveals that one additional variate shows 
a certain tendency to such a covariation, viz. the corresponding 
consumption of phosphorus. The net regression coefficients 
of these two variates are given in Tab. 13. 

15 — 39498 . LantbruJcakdgskolans Annaler. Vol. 8 . 
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Tab, 18. 

Net regression coefficients (P) of two variates for covaria- 
tion with the fecal elimination of phosphorus. 


i t r±-.{P) 

t 

Fecal Ca 

-f .59± .13 4.5 + .65+ .11 

5.9 

P ingested 

i + .07± .03 

2.3 

Error 

± .13 ± .11 



The coefficient of the phosphorus consumption is of low 
significance; with 7 degrees of freedom the odds are only 
95 to 5 that the coefficient is greater than zero. With the 
moderate demands on significance, which one is bound to put 



1 2 3 4 5 eg 


Phosphorus consumption 


Fig. 3. The relation between phosphorus consumption and fecal phosphorus 
elimination, when the fecal calcium elimination is assumed to be constant. 


on physiological experiments, these odds may be considered 
sufficient; the remaining variates are far from coming up to 
them. 

As usual, we remove the influence of varying elimination 
of fecal calcium from the values of fecal phosphorus elimina- 
tion, and get a correspondence between these residuals and 
the phosphorus consumption which is illustrated in Pig. 3. 



The Metabolic Behaviour of Pbosphorus. Ill 


227 


Calciuni. 

The renal eliniination. The experimental data are given in 
Tab. 14. They have been obtained in the same manner as 
the data for urinary phosphorus. They show a pronounced 
obliquity in the distribution. The most aberrant value belongs 
to animal No. c 2. The cause of its calciuria cannot be given. 
Annotations about the behaviour of the animal have not been 
made. 

Tah. 14. 

Mean values, in centigrams, for urinary calcium in the 
individual rats during 24 hours. 



a 1 

1 h 1 

t 1 

c 

d 

e 

1 

.035 

1 .026 ! 

.086 i 

.004 i 

.030 

2 

.101 

.027 j 

.255 ; 

.028 

.030 


The numerical analysis shows that none of the concomitant 
variates recorded exerts a significant infi.uence upon the renal 
elimination of calcium, at least when all animals are included 
in the calculation. But if we exclude animal No. c 2, we find 
a feeble tendency to a covariation with the fecal calcium, as 
is shown in Pig. 4. The regression coefficient is only 2.1 
times its mean error. 


mg 



Fig. 4. The relation between the elimination of fecal and urinary calcium, 
when the values for animal c 2 are excluded. 



-228 


A. Westeriuncl 


Tcib. 15. 

Urinary calcium in per cent of the total calcliiiii 

elimination. 


! a ; 

h 1 

c ! 

d 

1 ^ 

1 ; 2.1 1 

2.1 1 

4.1 ^ 

4.7 

2.5 

2 5.4 ; 

2.6 i 

14 

2.0 

1 2.8 

Finally, Tab. 15 is given, 

which shows the urinary calcium 

in per cent of the 

5 sum of 

urinary 

and fecal calcium. The 

singularity of animal 'So. c 

)2 is obvious. 

Without its value 

the mean is 3.1 per 

cent. 





The fecal eliminaiion. The experimental data for this variate 
are given in Tab. 16. The analysis of variance gives the 
difference ^ the value of 1.6, while the 5 per cent probability 
requires .4 only. Consequently, the variation betw^een the 
animals must be considered significantly wider than within 
them. 

Tab. 16. 

The fecal elimination of calcium, in cenLigrams, in 
individual rats during 24 hours. 


a 1 1 

a 2 j 

])1 I 

b2 1 

c 1 

c 2 i 

dl 

d2 

el 1 

e 2 

1.45 

1.45 

1 .88 

.79 ; 

1.87 

1.53 

1.07 

1.38 

1.02 

.84 

1,48 

1.48 

1 1.31 

1.05 

1.43 

1 1 

1.29 

1.20 

1.32 

.97 

1.81 

2.04 

! 1.09 

.83 

1.56 

1.37 

! 1.22 

1.46 

.99 

1.24 

1.58 

1.43 

^ 1.19 

1.20 

1,95 

1.77 

j 1.46 

1.39 

1.05 

1.04 

2.15 

1.93 

! 1.30 

1.12 

2.31 

1 1.39 

! 1.43 

1.32 

1.10 

1.07 

1.50 

2.21 

1.38 

1.18 

2.96 

1 1.94 

1 1.34 

1.62 

1.66 

1.12 

1.662 

i 1 . V 57 

1.202 1 

1.028 

2.013 

1.600 

1.302 

1.406 

1 1.173 

1.047 


The numerical analysis shows that two variates have signi- 
ficant covariation with the fecal output of calcium, viz. the fecal 
phosphorus and the phosphorus ingested. The significance of 
the lastnamed variate is rather low, as reflected in Kg. 5. The 
circles represent residual values of calcium, i. e, freed from the 
influence of fecal phosphorus. The power of the regression line 
to represent the observations satisfies moderate demands only. 


Lost. 
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Tab, 17. 


The daily consumption of calcium in centigrams. 


a 1 1 

a 2 1 

1)1 

b 2 

1 1 

c 2 

1 dl 

d 2 1 

e 1 

e 2 

.16 

.18 

.14 

.14 

.15 

.15 

.36 

.37 

.34 

.35 

.18 

.19 

.17 

.18 

.19 

— 

j .36 

! .36 1 

.34 

.35 

.19 

,19 

.17 

.17 

.18 

.18 

! .36 

1 .36 ! 

.34 

.36 

.19 

.19 

.17 

.19 

.19 

.20 

.37 

i -^7 j 

.34 

.36 

.20 

.20 

.18 

.18 

.19 

.19 

.36 

1 .37 i 

.35 

.37 

.20 

.20 

.18 

.19 

.20 

.20 

.37 

1 .37 ; 

.36 

.37 

.185 

.192 

.168 

1 .175 

.183 

; CO 

.363 

1 .367 j 

.345 

j .360 


eg 
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Phosphorus consumption 

Fig. 5. The relation between fecal calcium and phospborns consumption, 
when fecal phosphorus is assumed to be constant. 


But the tendency of an increase in phosphorus consumption 
to cause a decrease in the fecal output of calcium must not 
be overlooked. 

Thei'e is an interesting detail to call attention to in this 
connection, viz. the fact that a variation in the calcium con- 
sumption seems to be totally without any demonstrable in- 
fluence upon the corresponding fecal outjmt of this element. 
The experimental data for the consumption of calcium are 
given in Tab. 17. 

The analysis of variance shows that the variation between 
the animals must be considered significantly wider than within 
them. The reason for this lies in the two kinds of starch 
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used. The animals which received food mixtures Nos. D and 
E consumed sig-nificantly more calcium than the animals 
receiving* food mixtures A, B and C. The difference between 
the nieaii consumption of the two groups must be considered 
significant, it is true, but it is really very moderate, amounting 
only to 1.8 milligrams. Within this very narrow interval of 
calcium intake, any difference in the fecal output of this 
element is scarcely to be exx^ected on such a low level of 
intake as has been realized in the x)resent investigation (cf 
W^ESTEELUND, 1938). 

The mean value for the calcium consumed by all the animals 
is 2.5 milligrams. If we compare this value with the cor- 
responding value for the fecal elimination (14.2 mg), we find 
that the animals have excreted about 6 times as much calcium 
in their feces as has been consumed with the food. 

Summary. 

The present investigation is a continuation of the previous 
one with sodium phosphate, which has been replaced here by 
sodium inositol hexaphosphate. The experimental animals were 
10 full-grown male albino rats. They were taken through an 
experimental period of 10 days, the last 6 of which constituted 
the test period proper. The investigation has given the following- 
re suits. 

(1) The renal elimination of i)liQsphorus is determined by 
two factors, viz. (a) the oral consumx>tion of the element, and 
(b), though to a considerably less extent, the fecal elimination 
of it. The last-named covariation is negative, i. e. an increase 
in renal excretion is followed by a decrease in fecal elimination 
and vice versa. If the fecal elimination of phosx3horus is assumed 
to be constant at its mean value, the amount of phosphorus 
consumed is excreted imacticaily quantitatively in the urine. 

(2) Th.Q fecal elimination of phosphorus is likewise determined 
by two factors, viz. |3artly by the corresx)onding fecal elimina- 
tion of calcium, and partly b\" the consumption of j)hosphorus. 
The latter covariation stands on the borderline to insignificancy. 
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The former covariation is clearly significant and positive. It 
indicates that a heavy ingestion of calciniii impairs the ab- 
sorption of inositol phosphorus, and vice versa, as has been 
suggested by different authors. 

(3) The renal elimination of calcium bears no relation to 
any one of the concomitant variates recorded. The distribution 
of the values is extremely oblique. The participation of the 
kidneys accounts for about 3 per cent of the total excretion, 
if the values for the most aberrant animal are excluded. 

(4) The fecal elimination of calcium is determined to a 
moderate extent by the corresponding ingestion of phosphorus; 
it is also affected by the fecal elimination of phosphorus. An 
increase in phosphorus consumption is followed by a slight 
decrease in the fecal elimination of calcium. On the other 
hand, no relation between the calcium consumption and the 
corresponding fecal elimination of calcium can be demonstrated. 

(5) The results of the present investigation provide no 
basis for the opinion that inositol phosphorus should be less 
available for intestinal absorption than the other phosphorus 
compounds previously studied. But a comparison in details of 
these compounds must be deferred to a special communication. 

Sammanfattning. 

Fosfor- och caUviimromsdttningen hos fidlvdxfa rclttor mecl na- 
trium-lnositol-hexafosfat som enda fosforJcalla och jga calcimn- 

fattig n tiring, 

TJndersolmingen utgor fortsiittning pa den foregaende med 
natrium-fosfat, som bar ersatts med natrium-inositol-hexafosfat. 
I denna form forekommer fosfor i avseviird mangd uti spann- 
mal. Det rader olika uppfattning om tarmkanalens formaga 
att uppsuga denna fosfor-form. En uppfattning sager, att 
denna formaga ar ganska liten, och att inositol-fosfor alltsa 
skulle ha lag smaltbarhet. Om denna uppfattning iir riktig, 
sa skulle halten av total- fosfor, framfor allt i kraftfoder, vara 
alldeles missvisande fran naringsfysiologisk synpunkt. 
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Den liar foreliggande undersokniiigeii bestjrker icke den 
iiamiida iippfattiiin^eii. Eesultatet av densamma ar att iiiositoi- 
fosfor forlialler sig fran omsattningssjnpnnkt pa praktiskt tag’et 
samma satt som natri'om-fosfat-fosfor, d. v. s. att sa gott som 
hela den fortarda mangdeii uppsnges av tarmkanalen ocli av- 
soiidras loed iirineii. Det understrvkes, att detta resultat vuii- 
nits med en naring, som varit ytterst calcinm-fattig. Vissa 
literatunippgifter' tjda pa att resultatet sannolikt blivit ett 
aiinat, om niiringen varit mera calcium-baltig. 

Eljes aro resultaten i stort sett desamma som i den fore- 
gaende nndersokningen. Bland dem bor sarskilt framhallas, 
att en dialing av /o^/orkonsumptionen i nagon man medfdr en 
minskning av den mangd calcium, som fdrioras med tarmnt- 
tomniiigen. 
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Introduction* 

This paper deals with experiments performed -with the object 
of elucidating* the problem of the active uptake of salts in 
the living organisms. The results support a new conception 
of the properties of the protoplasmic surface, and the elements 
of an electro-chemical theory of the salt absorption are set 
forth. 

In order to facilitate the presentation of certain new ideas 
and to avoid tiring recapitulations, the following nomenclature 
is used. 

BhR' i)lias€ = the environment of the cell (for roots = the 
nutrient solution). 

Protoplasmic membrane = the aggregate of the oriented and 
non-oriented molecules which constitute the outer layer of the 
protoplasm. 

Surface layer = the layer of probably oriented molecules 
(perhaps a »monolayeri>), which is in contact with the bulk 
phase. 

Sublayer ==■ the inner side of the membrane, which is prob- 
ably the site of chemical processes coupled to the absorption 
mechanism. 

Aqueous flm = the layer of the bulk phase which is directly 
influenced by the ion exchange and CO^ deliberation. Fre- 
quently = the moist cellulose membrane and adjacent layers 
of the substrate, 

O-houndary = the boundaiy between the protoplasm and the 
bulk phase, 

0-level = the non-accumulated stage of salts (for roots = the 
solution). 
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Llevel == the accumulated stage of salts. In single cells = 
the cell sap, in miilticellular organs more undecidedly = the 
interior of the organ, or the part of the organ in which salts 
are accumulated. 

Z — a prefix which indicates the surface of the protoplasm. 
E. g. ZcH = the hydrogen ion concentration in the surface 
layer, ZcM = the concentration of metallic cations in this layer. 
Corresponding symbols are ZpH etc. 

Jb = a prefix which indicates the bulk phase, or the outer 
side of the 0-boundary. E. g. LcH = the hydrogen ion con- 
centration of the bulk phase, LcM and LcA = the concen- 
ti'ation of metallic cations or anions of acids in the solution 
etc. Corresponding symbols are LpH etc. 

In this paper the conception »concentration» always refers 
to ideal conditions, and due reservation ought to be made 
for the transference into activities. In extending the con- 
ception concentration to surfaces reservation must also be 
made in respect of special surface forces, which afPect the 
activities of the ions. In the following discussions the inter- 
phases in a boundary are conceived as ideal sections through 
a uniform solution. This is of course only a rough approxi- 
mation, but a theory of activities of layers, which are built 
up by oriented molecules, is not yet developed. 


1. General characteristics of the protoplasmic membrane. 

The majority of research workers in permeability have 
restricted themselves to the study of the uptake of uncharged 
molecules in the living cell. The discussion as to the chemical 
and physical nature of the protoplasmic membrane has yet 
not settled. Lipoids, perhaps phosphatides, seem to be con- 
stituents of the membrane, but the entrance of molecules is 
not exclusively controlled by the solubility in lipoids. Also 
the »porosity» of the membrane seems to be a factor of 
importance (see discussions in Wilbeandt 1938). According 
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to the general opinion of investigators of permeability watei% 
soluble molecules and ions move more or less retardedly through 
the :q)ores», and their diameters determine the velocity of 
entrance. Molecules which are soluble in fats, are supposed 
to be dissolved in the interspaces between the »pores». 

OsTEKHOuT (1935, 1936 and several papers in J. gen. Physiol.) 
has presented a somewhat divergent opinion as to the pro- 
perties of the protoplasmic membrane. He claims for it a 
noil-aqueous » character. This hypothesis leads to the con- 
clusion that molecules and ions do not pass through the 
membrane together with water molecules. Osterhout develops 
the conception that molecules of a substance which is dissolved 
in the bulk phase, are transferred into the »non-aqueous» 
membrane in a new dissolved state. The velocity of entrance 
is supposed to be controlled by the partition coefficients water; 
protoplasm. Osterhout denies the existence of free ions in 
the membrane. According to his ideas, ions of neutral salts 
are absorbed as neutral molecules or ion pairs. Of the salt 
M.A the ions will combine with the ions of the water into 
M.OH or H.A respectively, and these neutral ion pairs (or 
molecnles) will then be dissolved in the membrane just as 
are molecules of non -dissociated substances. In other papers 
Osterhout develops a modified theory, according to which 
the cations combine with some compound in the membrane 
substance into a product M.E (if E is the hypothetical sub- 
stance), which is split np again on the inside of the mem- 
brane. 

Osterhout’s ideas as to the partition coefficient water: 
plasma as a controlling factor for the entrance of non-disso- 
ciated substances is no doubt related to' Overton’s lipoid 
hypothesis. Many earlier and more recent investigations 
prove the importance of such apprehensions. The difficulty 
begins with the dissociated substances. Osterhout starts from 
a very important observation. He has measured the electrical 
resistance of the thin protoplasmic layer in cells of Valonia. 
It amounts to c. 10000 ohms per cml In Nitella and Chara 
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the resistance is even higher, c. 250000 ohms per ciii“ (Oster- 
HouT 1936). 

If these observations have a general bearing, the cause is 
no doubt a low dissociation in the membrane. On the other 
hand, experience shows that the membrane is permeable to 
water. If the water passes in the usual way through » pores » 
in the membrane, ions too ought to be able to accompany 
the water molecules. It seems to me that the only possibility 
to escape from this contradiction is to assume a special struc- 
ture of the membrane, similar to the organization of mono- 
molecular layers (Langmuir 1939 and earlier papers). In a 
monolayer the molecules lie close together. If these molecules 
are partly dissociated, the hydrophilic ends invade the boun- 
dary between the layer and the water and develop an electrical 
charge which greatly restricts the passage of ions. A mono- 
layer of fatty acids will, according to Eideal (1925), let 
molecules of water pass through it. The electrical resistance 
of such a layer must nevertheless be large. 

The assumption of electrical charges, carried by dissociated, 
oriented molecules of the protoplasmic membrane is supported 
by a number of experiments, which we shall describe in detail 
later. The magnitude and distribution of the charges will 
largely condition the properties of the membrane, e. g. its 
permeability to water and dissolved molecules. A large number 
of investigators (e. g. Dellinghausen 1933, Amloxg and 
Bunning 1934, DE Haan 1935, Schmidt 1936) have found 
that the permeability to water and dissolved molecules is in- 
fluenced by neutral salts. If the membrane carries electrical 
charges, salt ions will of course alter these charges (see below) 
and hence alter the hydration of the membrane molecules, their 
mutual distance etc. An electrically charged membrane involves 
exchange of ions (e. g. H-ions against M-ions). As a consequence, 
the physico-chemical properties of the salt ions will be partly 
carried over to the membrane. It is a well known fact that 
K-ions have an effect upon the properties of the protoplasm 
quite different from that of Ca-ions. The »condensing» effect 
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of calcium and the ;'>swelling» effect of potassium haye been 
studied in the protoplasm (HAis^sTBEN-CRATOnR 1922, Sakamura 
& Karamori 1935 and many others) as well as in soil colloids 
(LurdegIrdh 1932), in the >' auto-complex systems» of phos- 
phaticles (Bxjngexberg be Joxo 1935, 1938), etc. In all these 
cases changes in the charge of the colloids — or gelatinous 
membranes — will play a dominant role. This is not the 
place to give a detailed survey of permeability problems, so 
I restrict myself to touch upon the fact that the assumption 
of the existence of oriented, partly dissociated molecules in the 
protoplasmic surface will throw light upon a number of 
observations. 

Previous wmrk in permeability deals more or less exclusively 
with the function of the protoplasmic membrane as a filter 
or a solvent, respectively for molecules. Most investiga- 
tors in this field do not occupy themselves with the forces 
which regulate the one-sided movement of dissolved substances 
from a solution into the cell or from one cell to another. 
Permeability experiments are usually performed with high 
concentrations of substances, and for this reason diffusion is 
usually claimed as the motive power. But even if a diffusion 
gradient exists, other forces cannot be excluded a priori. 
The dift'usion movement is extremely slow. Eesearch work in 
the migration of organic substances within a plant shows that 
the movement is frequently very much faster than it would 
be if diffusion were the motive power (Mason & Phillis 1937, 
Crafts 1939). It is a fact that roots absorb glucose from 
very diluted solutions, though they contain glucose derived 
from the leaves (see many experiments in the following pages). 
We speak here of non-dissociated substances, and we find that 
there are cases where these are moved against a diffusion 
gradient. The researches of Arisz (1938) show that the uptake 
and transport of asparagine is coupled to respiration processes. 
Thus, other motive forces than diffusion seem to be available 
in the cell for the transport of certain non-dissociated sub- 
stances. 
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If, now, the metabolism controls the uptake of a substance, 
the permeability problem will change. The metabolic actiYity 
can be asserted to be the first step in the uptake, i. e. the contact 
between the substance and the protoplasmic boundary, or it 
can enter later, after the substance has been drawii» by diffu- 
sion through the membrane. It will be difficult to decide 
between these theoretical possibilities, and here I only wish 
to call attention to the fact that the velocity of the entrance 
of a non-dissociated substance in the cell cannot simply be 
used as a measure of the » permeability coefficient ». And this 
coefficient is not a quite safe basis for conclusions as to the 
physico-chemical properties of the protoplasmic membrane. 

If diffusion plays a somewhat doubtful role in the absorp- 
tion and transport of molecules, it seems to have even less 
influence on the absorption of ions. It is a well-known, fact 
that single cells, e. g. Chava, Nifella, Valonia (CoLUANDEa 1936, 
OsTERHOiJT 1936), or roots accumulate inorganic ions from 
very dilute solutions against the diffusion gradient. The fact 
that neutral salts in diluted solutions are completely 
dissociated brings to the fore the question of how they 
traverse the membiane. Osterhout claims that the cations 
and anions in contact with the membrane combine into neutral 
pairs and are dissolved as molecules in the »non*aqueous ]ayer». 
But this hypothesis is open to criticism (cf. Wilbrandt 1938). 

If the cell or organ is placed in contact with a solution 
of a single salt, full equivalency in the absorption of cations 
and anions is an exception. The cations and anions of the 
salt are usually absorbed with remarkable independauce. Thus 
NOg-ions might be absorbed approximately at the same speed 
from Ca(]Sr03)2 as from XlSTOg (LuxdegIrdh 1937, p. 116, 
table X) whereas is much more quickly absorbed than 

Ca+‘^. These experiments show that the salt is not taken up 
as molecules by the combination of the metallic cation with 
the anion of the acid. Experiments with varying cH in the 
solution show, furthermore, that XO 3 is not absorbed as an 
ion pair with because the XOg-absorption is to a certain 
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extent independent o£ the cH (the probability of the ion com- 
bination — 1^07 varies of course directly with the cH and 

would, according to Osteehoijt severely affect the anion ab- 
sorption). 

Experiments on salt absorption at constant LpH are difficult 
to perform, because of the well-known regulating power of 
the roots on the acidity of the solution. In combining the 
same anion with different cations, the LpH-value can be gra- 
dually changed, so that after 20 hours rather different end- 
values are attained. If the anion absorption is plotted against 
these pHL-values, one finds an approximately constant absorption 
between pH 6 and 4.5 (LuNnEOARDH & Buesteom 1933 b, 
p. 247, fig. 4). With higher pH-values a certain decrease 
ensued. New experiments by Buesteom (1940) confirm these 
results as to the insignificant effect of LcH on the anion 
absorption. 

I made two comprehensive series of experiments with 
phosphate solutions and 4- weeks-old wheat plants, growing in 
» photo-thermostats » (cf. description in LundeoIedh 1932). 
Absorbed quantities of anions and cations were determined 
every day for three days. In table 1 the total amount of 
absorbed ions is shown. 


Table 1. 

Absorption from phosphate solutions. 

A. Potassium phosphate (mixtures of primary and 
secondary). 


pH of solution 

absorption in millimoles 

start 

end 

potassium 

phosphate 

4.8 

5.1 

0.148 

0.227 

5.6 

5.5 

0.346 

0.187 

6.0 

5.6 

0.229 

0.164 

6.5 

6.0 

0.138 1 

0.188 

1 7.0 

6.5 

0.162 

0.193 
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Because of the buffer effect of phosphate, the LpH-values 
are comparatively constant here, whereas a certain levelling 
is noticeable. The phosphate absorption is practically constant 
in the region pH = 5.5 to 7.0. The increase on the acid side 
is very gentle. Hence the full experience of this laboratory 
points in the direction that the effect of the hydrogen ion 
concentration on the anion absorption is less prominent. Also 
in respect of the cations the results by no means reflect simple 
physico-chemical principles. Table 1 shows a maximum at 
pH == 5.5, and a decrease at higher pH-values. Earlier results, 
too, are similar (LuxBEGAnnH 1932, p. 172, table 33, many 
series). Generalization is nevertheless not advisable. . Thus 
Buesteom and Bouattnski (1936) found that the absorption 
■of Cu increased with the pH of the solution. LundegIrdh 
and Burstuom (1933 b, p. 244, table TV and V) found a 
displacement in the balance anions : cations at the absorption 
from solutions which were made more or less acid by regu- 
lating the C02-pressure. These results were explained by 
the Donnan equilibrium, according to the formula 

[A-fo 

where the appendixes o and i refer to the solution and the 
roots respectively. It ought to be mentioned that in some 
■cases OsTEEHOUT found a direct relation between cH in the 
solution and the absorption of an acid in Valonia-celh^ but 
in other cases did not succeed in finding such a relation 
{Jacques 1934). 

Summarizing our experiences, I must conclude that it seems 
little probable that the anions enter the cell in combination 
with H-ions. If any simple relation between the cH of the 
■solution and the ion absorption exists, this is most probably 
due to the membrane equilibrium effect, according to formula 
{1). This eifect has a thermo-dynamical basis and is, therefore, 
found under all circumstances, whatever the mechanism of 
absorption may be. Experience shows, however, that the 

16 — 39498. Lanthruhshogskolans AnnaUr . VoL 8. 
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Domian-effect is realized only to a limited degree in the actual 
absorption. It is apparently faded by other factors. 

There are a number of facts speaking against the opinion 
of OsTERHOUT and in favour of the theory that inorganiG ions 
are ahsorled hy meams of exchange reactions at the memhrane 
surface, in addition to those mentioned above. 

The ion antagonism involves interactions of cations (and 
perhaps also anions) already in the first stage of absorption. 
Investigations by Burstrom (1934) show that the magnitude 


of the relation “ (M == cation) between two cations is of 

iyLc) 


fundamental importance for the development of antagonism 
and that similar rules hold for cation adsorption in inorganic 
gels. 

Another side of the ion competition at the cell surface is 
the exchange of cations observed in roots growing in solutions 
rich in Na or Ca. If these roots are put into single salt solu- 
tions of a potassium salt, K ions go in and a considerable 
amount of Na or Ca ions go out. This observation is a direct 
proof of the fact that a stage of absorption of cations is 
exchange with other cations, »adsorbed» in the organ sur- 
face. If the roots do not contain a surplus of metallic cations 
H-ions will function as exchange subjects: the cell is in 
the position to piroduce H-ions as well as OH- and HCO3- 
ions as long as metabolism continues. The exchange with 
H-ions is probably the normal primary absorption of cations 
from nutrient solutions. The existence of such exchangeable 
H-ions in the surface of the protoplasm is shown by observa- 
tions of the surface potential in different solutions (Lunbe- 
gIrdh 1938, 1939). A brief summary of the results will be 
given here. 

The method used for the potential measurements was quite 
simple: A 5 — 6 cm long piece of the growing root end of a 
wheat plant was placed between two solution-electrodes (see 
fig. 1). As upper electrode was used a capillary tube, into 
which the cut end of the root was introduced. One can, for 
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Fig. 1. Apparatus for the measuring Fig. 2. Apparatus for the measuring 
of surface potentials of single roots. of potentials af root systems. The 

The upper vessel (6) contains O.oi n seedlings are held by a glass tube in 

KCl. The root (8) is held by the the rubber stopper a. On the cut 

capillary end of 6 and its apical i)art stalks is placed a tuft of cotton wool 

is introduced into the lower vessel soaked in O.Ol n KCl. For the elec- 

(7). Toth vessels are provided with trical contact serve KCl-agar elec- 

funnels (1) and cocks (2) for the trodes at E. The ends of the roots 

lining, and with Zn-Hg-ZnS 04 -elec- dip into the solution s. c is an outlet 

trodes, ^vhich are connected with the for constant level. If anaerobic con- 

galvanometer device. In new expe- ditions are wished, a layer of liquid 
riments the vessels (6, 7) are separated paraffin {oi) is poured on s*. Gases 
from the metallic electrodes by tubes can be let in and out in h by means 
with KCl-agar (remplacing the KCl- of the tubes J and 0. 

gelatine plugs 4) and the potential 
difference between 6 and 7 is mea- 
sured by the aid of a cathode-ray 
oscillograph, 

the same reason, also use a whole seedling*, the leaves of which 
are cnt off 1 — 2 cm above the seed. As electrode can be used 
in this case a tnft of cotton wool which is soaked in salt 
solution. As the lower electrode can be used an open vessel 
containing* the solution (see fig. 2). Both electrodes are con- 
nected by means of tubes with KCl-agar to non-polarized zinc 
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electrodes, wliicli close a galvanometer circuit. By means of 
a compensation circuit and a bridge arrangement, the potential 
difference between tbe tipper and the lower part of the root 
was determined. 

If, now, the upper electrode was held constant (a O.oi n KCl 
solution was generally used), and the solution surrounding the 
lower end of the root is changed, the voltage also changes 
ahnost instantaneously and then remains comparatively constant 
for several minutes. This fact proves that the site of the 
jwtenticd difference is the loundary letiveen root and 

solution, which is called the 0-boundary in the following 
pages. In very diluted strong acids — independently of the 
nature of the anion — of a concentration of O.ool to O.OOOOl n, 
the root behaves approximately as an H"^-electrode: a change 
in the concentration of one tenth power changes the potential 
by c, 58 mv, according to the formula 


~.E = 


ET ZcH 

nF^^LcH’ 


( 2 ) 


where ZcH = the H-ion concentration at the surface of the 
root, LcH == the H-ion concentration in the bulk phase, T — the 
absolute temperature, E and P constants and n = valency 
(cf. fig. 3). Hence the electro-chemical behaviour of the root 
indicates the existence of a layer of H-ions in the surface. 
Several observations, e. g. the ceasing of the potential if the 
root is killed, show that the cellulose menibrane does not par- 
ticipate m these electro-chemical reactions. The active surface 
is probably identical with the outer surface of the protoplasm 
of the epidermis cells. Similar results were obtained as well 
with the root tip as with the zone of young root hairs. The 
charge of the protoplasmic surface seems, then, to be a general 
characteristic of the root cells. 

Measurements of the boundary potentials of an organ are 
always complicated by the fact that two boundaries are in- 
volved: one at each electrode. Furthermore, there are in the 
interior of an organ, as well as in single cells, a number of 
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Fig. 3. The straight line represents the surface potential of ’^vheat roots in 
pure solutions of mineral acids. The line corresponds to formula (2). The 
dotted line represents some deviations observed in cultures with low calcium 

concentration. 

electro-eliemical boundaries not only between protoplasm and 
outer solution, but also between protoplasm and cell sap, 
between protoplasm and nucleus, etc. It is to be expected 
that the » micro-boundaries » in single cells to a large extent 
eliminate one another in an organ, because the cells are placed 
wall by wall, coupled as electrolytic condensors. On the other 
hand, if cells of different anatomical specialization are joint, 
electromotive forces might appear. These internal forces are 
of course not influenced by sudden changes in the surface 
boundaries: As mentioned above, the measurement of the 
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imniediate effect of a change in the solution will therefore 
reyeal the reaction , of the surface lomidary. With the aid of 
special precautions it is possible to eliminate approximately 
the influence of the potential differences at the upper end of 
the root (LundeoAsdh 1938 a), so that the measured electro- 
motive force in the circuit can be used for the calculation of the 
approximative hydrogen ion concentration at the protoplasmic 
boundary of the root tip or any other part of the lower end 
of the root. For this calculation the formula (2) is used, with 
due reservation for using concentrations instead of activities 
and applying general kinetic principles to surface reactions. 
The surface potential of wheat roots corresponds to a ZpH = 3 
to 3.5. Oats give values similar to those for wheat. For 
barley I'oots somewhat higher values, ZpH = c. 4 are obtained, 
and it is to be expected that the ZpH value of the absor] 7 tion 
zone of roots is a species character. 

The behaviour of wheat roots in diluted acids shows now, 
as mentioned above, that the stability of the ZcH-value 
ceases at LcH values above 10~^n. This LcH-value corresponds 


( ZcH \ 
== 1 1 . 


strongfer than the normal ZcH value 


/ZcH , 

(lcH b' 


In acids 


the root 


from negative to positive. This entails 
the protoplasmic membrane and causes 


potential shifts over 
a disorganisation of 
rapid death. 

Here I again call attention to the important fact that the root 
potential in a diluted strong acid is independent of the nature 
of the anion. Carves identical with the straight line in 
fig. 3 were obtained with the following acids: HCl, HNO 3 , 
H 2 SO 4 / 2 , H 3 PO 4 / 3 . If the potential were a diffusion potential, 
it would be expressed by the formula 


where TJ = the migration velocity of cations, and V = velocity 
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of anions, and Cq the concentrations of the acid on both 
sides of the membrane. If U represents the H-ions of the 
acid and Y its anions, — E would be different in different 
acids, which is not the case. From the experiments with 
diluted acids the important conclusion must for this reason 
be drawn that only the H-ion concentration in the phase 
boundary causes the potential and that the surface of the 
living root holds negative valencies which bind H*ions. 

As regards the absolute ZcH-value, calculated from formula 
(2), it must be considered to be only approximative, for the 
presumption that in our experiments the upper phase boundary 
of the root is uncharged holds only with an approximation 
of some 10 mv. A confirmation of our results that the sur- 
face of the protoplasm shows a markedly acid reaction is 
given by Yamaha’s (1938) determinations of the » iso-electrical 
point » of the protoplasm. He finds values between pH == 3 
and 4.5. 

A direct confirmation of the results gave measurements of 
the electro-osmotic behaviour of the root hairs. ^ Owing to 
the charge of the surface of the root hair this bends towards 
one of the electrodes, if the hair is exposed to a gradient of 
some 10 — 100 volts per cm. The deviation is directly pro- 
portional to the charge and attains zero at ZcH = c. 10"”^, 
which gives a direct confirmation of our calculations of ZcHmax. 

To sum up: The previous conception of the protoplasmic 
membrane as an amorphous colloid does not tally with the 
new facts concerning the electrical charge and the individual 
ion absorption. New researches support the idea that the 
memlrane is hiilt nj) of oriented molemdes (cf. monolayer), some 
of which are dissociated on the acid side so that loosely-bound 
H-ions are scattered over the surface. These surface-bound 
H-ions give the membrane a negative electrical charge in solu- 
tions which are less acid than the membrane. If the solution 
is mojv acid than the memlrane^ the stahility of the latter ceases^ 


Unpublished results. 
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and the cells are damaged. The first stage of cation absorp- 
tion is to be assumed as an exchange against the ^adsorhed^ 
M-ions, 

Determinations of the potential of the root in diluted acids 
rendered in 1938 and the first part of 1939 always values 
which indicated that the ZcH-value remained practically 
constant between LcH=10“^ and 10"“l The curve (see fig, 3) 
was a straight line with a slope of approximately 58 niv per 
pH-unit. I concluded from these results (Lundegaedh 1938, 
1939) that the dissociation of the acid part of the protoplasmic 
membrane, from which presumably the ZcH-value arises, was 
not influenced by changes in the LcH-value within the named 
limit. If we presume that the acid reaction of the membrane 
is due to an acid, this acid will then be completely dissocia- 
ted at least down to pH==3. From the general type of dis- 
sociation curves (see fig. 4, left curve) we may conclude that 
the presumed acid has a pE-value not higher than c. 1, which 
corresponds to a comparatively strong acid. 

In accordance with general properties of the organical 
compounds which are thought to participate in the formation 
of the protoplasmic membrane, and owing to special observa- 
tions (cf. p. 268), we are entitled to presume also a base dis- 
sociation in the membrane. This dissociation will be dimin- 
ished if the LpH-value rises above a certain limit (fig. 4, right 
curve). 

The balance between cH and cOH makes that a regres- 
sion of the base dissociation will tend to rise the surface 
potential so that in this case an increase of the LcH-valiie by 
one tenth power would rise the potential more than 58 mv. 
As such an increase of the potential was not observed at 
LcH— we can conclude that the pK-value of the presumed 
base component of the protoplasmic membrane is not lower 
than c. 7 (see fig. 4, right curve, cf. the dotted curve), but 
probably much higher, corresponding to the pK of a strong 
base. 

Even if the base component of the protoplasmic membrane 
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is present only in a small amount in comparison to the acid 
component, its dissociation would nevertheless to a measurable 
degree influence the potentials. Several facts, e. g. the 
pronounced acid reaction of the membrane at LcH=10'^'^ 
speak in favour of the assumption that the base component 
has a much lower concentration than the acid one. 

The different concentration (activity) of the acid and base 
components of the protoplasmic surface makes the position of 



LpH =1 3 5 7 

LpOH= 13 11 9 7 

Fig. 4. Supposed dissociation curves of the acid and base component of the 
protoplasmic membrane. The position of the curve for the acid corresponds 
to pKa = c. 1 (see p. 248). The approximately constant ZcH- value betv’een 
ZpH — 3 and 5 gives the conclusion that pKb is not lower than 7, as the 
figure shows. The dotted curve shows that a lower pKb-value would result 
in a varying ZcH- value in the named region. 

the isoelectric point (i. e. p.) uncertain. In presence of a 
strong base and a strong acid no real i. e. p. will occur, but 
a rather broad isoelectric state, covering some two or more 
pH-degrees (cf. fig. 4). If the strong base is in minority this 
state will be moved against very low pH-values (probably 
below 2). This fact makes the importance of an isoelectric 
state of the protoplasm rather imaginary and explains why 
different investigators as a rule obtain so varying values. 

The isoelectric »point» is of course quite different from the 
isopotential point (i. p. p.). The latter is attained when ZcH= 
LcH. Owing to the fact that ZcH depends on the concen- 
tration of cations in the bnlk phase (LcM) all trials to de- 
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termine tlie »pll-value» o£ tlie protoplasmic surface are futile, 
as lono’ as due attention is not paid to the LcM-value in each 
case. See below. 

A series of determinations of ZcHmax in the autumn 1939 
rendered values which showed a slight decrease atLcH~10 "^ 
and a larger decrease at LcH=10"''’^ in comparison to the 
earlier values. The decrease of ZcH was also in this case 
independent of the anions of the acid. The dotted curve in 
fig. 3 shows one of the cases, in which the deviation was 
comparatively large. On an average the decrease of ZcH at 
a jump of LcH 10“^ to 10“"^ amounted to c. 0.5 pH-units. 

The cause of this diverging behaviour of the roots is not 
quite clear. As ZcH in this case decreases with decreasing LcH 
the interference of dissociation is improbable, because the 
presence of weak acids or weak bases would both tend to increase 
the ZcH-value at decreasing LcH-values. The most probable 
explanation seems to be a reduced resistance of the membrane 
to high potential differences. Observations (p. 265) show that 
the calculated highest surface potentials are never realized. 
If the membrane is built up partly of oriented molecules 
these will, if the boundary potentials grow too high, partly 
turn over and eliminate the potential. Morphologically this 
means a partial » disorganization » of the membrane. In our 
earlier experiments this self -regulation of the potential occurred 
at 120—150 mv. The new sortiment of seeds, which was 
used since the summer 1939, seems to give more sensitive 
protoplasts, so that the partial elimination of the potential 
differences occurs already at lower potentials. A confirmation 
of this explanation quoted experiments wdth higher Ca-con- 
centration in the nutrient solution. Calcium hardens the 
membrane {ef. p. 238), and the ZcH-values attained also nearly 
the theoretical values in these roots. In all other respects 
the new sortiment of roots behaved identically with the 
earlier ones. 
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2. The scope of absorption methods. 

In studying one special function of the living organism, it 
seems appropriate to choose as the research object an organ 
which is exclusively built for that function. The roots of 
grass plants have a strong- absorption power and it involves 
no difficulties to cultivate them from genetically pure lines 
under constant light and temperature conditions. Less sui- 
table for absorption studies are slices of storage tissue, be- 
cause their ion absorption comprises only a minor part of the 
total metabolism. In using roots it seems to be important 
that these are not minced and submerged in the solution 
(as is done by Hoagland & Broter): The root is a pump- 
ing machine which pumps in salts into the lower parts 
(— region of the root hairs), transports them upwards and 
pumps them out again at the top of the root. If a detached 
root is surrounded by solution, a certain part of the absorbed 
salts will therefore escape again from the cut end. Some 
authors (cf. Osterhout) claim that isolated large cells of 
algae are the best objects for the study of cell functions. 
I do not quite agree with this opinion: as a rule algae have 
a rather slow absorption power. The cells of Yalonia, Cliara 
and Nitella^ which are generally used in such experiments 
(by OsTERHOUT and his school), are by no means physiologi- 
cally simple, because they are not specialized, but combine 
absorption, carbon dioxide assimilation etc. in the same cell. 
This complication of the metabolism in association with the 
slow absorption of salts makes such cells less suitable for the 
study of the absorption mechanism in its relation 
to metabolism. In respect of ion absorption the root 
functions as a »symplast» (Munch 1930). No chlorophyll 
function complicates the respiration, and roots which are 
isolated from vigorously assimilating plants contain enough 
sugar for at least 6 and frequently up to 20 hours of normal 
life (Lunbegardh 1937). 

The absorption power of the root surface is, of course, not 
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uniform. The tip absorbs far less than the region of the 
root hairs, and this region more than the older parts. 

The distribution of some cations in the whole root system 
is shown in table 2. 


Table 2, 

Distribution of some cations in the root system of 
wheat. The plants were 30 days old, with a length 
of roots of c. 20 cm. The total root system of 15 plants 
(containing c. 150 roots) was cut into pieces of 5 cm. 
and analyzed sp ec tr ogr apliically after drying and 
extraction in 2 m HGL 

The figures represent millimoles per g dry weight 
Two parallel series. 


Zone 

K 

Ca 

Mg 

Mn 

0—5 cm 

0.95 0.84 

0.142 0.095 



0.028 0.088 

( tips ) 

5 — 10 cm 

0.75 0.62 

i 

0.066 O .067 



0.020 0.022 

10 — 15 cm 

1.04 0.69 

0.067 0.044 



0.024 0.016 

15 — 20 cm 

1 0.91 0.84 

0.041 0.037 

0.06 0.06 

0.022 0.016 


The table shows that the alkali ions are approximately 
uniformly distributed in the roots, except for a weak mini- 
mum at a height of 5 — 10 cm. The calcium ions move more 
slowly and are for this reason retained in the tips. Mn-ions 
too are to some extent more accumulated in the tips. The 
distribution of the ions is of course a resultant of absorp- 
tion and translocation. A comparison between ash analysis 
and analyses of the bleeding sap shows that the cells ge- 
nerally hold higher concentrations back than are transported 
(see below). This is more pronounced for ions of higher charge 
and lower mobility. 

Probably differences also exist in the balance between 
absorbed cations and anions for different regions. We will 
return to these questions later. The differences in the 
velocities of ion absorption in different regions of the root 
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are probably due to correspondent differences in the metabolic 
activity and not primarily to the nature of the protoplasmic 
membrane. Potential measurements show that even in the 
root tip the membrane (0.5 — 1 mm from the summit) 
shows a H-ion activity of similar magnitude to 
that in the region of root hairs. 

A certain degree of differentiation thus exists in the root, 
and it is scarcely possible to isolate the function of the cells, 
chiefly engaged in absorption work, from those which are 
more indifferent in this respect. It is also to be noticed that 
absorption in the sense of accumulation is one side of the 
transport process too, because transport of salts in a tissue 
means absorption power from one cell to another. It is very 
difficult to judge of a possible specialization of root cells in 
the absorption-accumulation work, performed from the outside, 
and transport work, effected from one cell to another cell. 
The epidermis cells may of course be able to perform the 
chief work, if they accumulate the salts at the outside and 
give them off at the inside: this would postulate a » polarity » 
within the cell itself. But it seems more feasible to adopt 
the »symplast» hypothesis and assume that the whole tissue 
in the region of the root hairs takes active part in the 
accumulation process, so that salts are pumped in through 
the epidermis and pumped out again in the central system of 
large cells which, upwards, are connected to the vascular 
system. In either case the accumulation means osmotic work 
from one 0 -level (= the solution) to one I-level (= the 
ascending aqueous sap) and the mechanism ought to be the 
same whether this work is performed in one single cell or 
in a »symplast». 

Because of the difficulty in isolating the region of most 
intensive absorption-accumulation work in the root^, the study 


^ Geegory and collab. (1939) have adopted a similar method to that of 
8ierp &Beewig(1935) in studying the absorption power of the different root 
regions. This method is restricted to substantial roots of beans etc. but 
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of this process ought to be carried on under conditions which 
secure constancy of all processes in the root which do not 
participate in accumulation, i. e. the ^i'fundameiital» processes. 
The seedlings must be grown under constant light, tempera- 
ture and carbon dioxide conditions. In the experiments also 
temperature, air supply etc. ought to be kept constant. 

The ineyitable individual differences can be eliminated in 
two ways: Either a large number of similar plants is divided 
up into groups of 15 to 20 individuals, and these groups are 
simultaneously exposed to varied salt conditions, or each 
gronp is treated as an individual and successively subjected 
to varied salt conditions. Both these methods were employed 
in the experiments. The absorption and the metabolic activity, 
conpled with it, will then appear as a corresponding increase 
(or decrease) in the fundamental metabolism of the root sys- 
tem. Experience confirms the exactitude of these methods. 
The total salt absorption is measured by differential analysis 
of the solution before and after the experiment or by ash 
analysis. The final result of the transport is determined by 
analysis of the bleeding sap, if cut roots are used. Submerged 
roots or parts of roots render possible only the determination 
of the part of salts which remains transitorally accumulated 
in the root tissue. 

The general method of studying the salt uptake when using 
a multicellular absorption organ is identical with several 
other plant physiological methods, e. g. for studying the 
carbohydrate assimilation. Whether leaves or unicellar algae 
are used makes little difference, if only the fundamental con- 
ditions are kept constant (including the control of stomate 
movements in the leaves). It is impossible to distinguish the 
reduction of CO 2 from the simultaneously proceeding respira- 
tion. It is also impossible to distinguish the production of 
glucose from the transport of glucose within the cell or from 

is not applicable to tbin grass roots. Determinations of the absorption and 
respiration of small zones of single roots are of course more exposed to 
error than are studies of intact root systems. 
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one cell to another within the leaf. Nevertheless careful 
experiments have revealed many biochemical characteristics of 
the assimilation process. 

Summarizing: For the study of the mechanism of salt 
absorption it is important to use absorption organs, such 
as roots, just as studies in assimilation ought to be per- 
formed on assimilation organs. When using roots the ex- 
periments show the totality of absorption, accumulation and 
transport, but it is possible to divide up this complex to a 
certain extent. 

3. Absorption, accumulation, translocation. 

Theoretically the total complex of the uptake of salts can 
be divided up in three elementary processes: 1. the absorp- 
tion in the boundary between solution and protoplasm, 2. 
the accumulation -within cells or organs, and 3. the trans- 
port to other cells or organs. 

In colloidal chemistry absorption means usually the exchange 
of ions at the boundary between medium and colloid particles. 
In the preceding chapter, supported by previous potential 
measurements, we arrived at the conclusion that the surface 
of the protoplasmic membrane is probably built up as a 
monolayer. Some af the molecules extend their electronega- 
tive valencies in the solution and keep cations from it bound, 
»absorbed». The amphoteric character of several lipoids, e. g. 
phosphatides makes it very probable that also positive 
valencies occur in the membrane and that the latter 
is in reality covered by a mosaic of positive and negative 
valencies, which are saturated by cations and anions respec- 
tively from the bulk phase. The existence of oriented 
molecnles in the membrane prevents a mutual 
elimination of the opposite valencies (intermole- 
cular bindings). The molecular forces cause a polar orien- 
tation of the molecules and a certain compression in the mono- 
layer (Adam 1930, Langm-uib 1939, Daxielui 1937, Teoeelb 
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1939), whicli probably is one of the causes of restrictions of the 
free movement of water and dissolved substances through the 
protoplasmic membrane. 

When the protoplasmic membrane is in contact with a 
very diluted acid the negative valencies are expected to be 
saturated with H-ions and the positive valencies with 0H-, 
or to a small degree with HCOg-ions. If a neutral salt is 
added to the water, partial exchange coinmenees: the H-ions 
at the membrane are exchanged for metallic cations and the 
OH ions are also probably exchanged for the anions of the 
salt. The cation exchange can be demonstrated by changes 
in the potential. For the existence of an anion exchange 
further evidence will be given later. 

This conception of the absorption phase of salts is suppor- 
ted by a large number of investigations in this laboratory in 
the course of more than ten years. 

The exchange of metallic cations has been demonstrated by 
the chemical analysis of attracted and repulsed ions. This 
exchange obeys well-known laws of colloidal chemistry (dia- 
meter, charge, hydratation of ions). A number of series, 
published in 1932, demonstrate these rules in the homologous 
series of alkali and earth alkali metals. From the chlorides 
of these metals the absorption of cations and output of Ha 
and Ca, as well as the absorption of Cl, was determined. 
Seedlings of wheat and peas were used. The duration of 
experiments for wheat was 24 h. See table 3. 

These experiments show that plants, grown in water with 
Na but little Ca, after transfer to chloride solutions of other 
cations give off much Na but little Ca, whereas plants grown 
in pure Ca solutions under similar circumstances give off less 
Na but more Ca. The latter plants have apparently lost much 
Na in the Ca solution and therefore hold more Ca than Na 
absorbed. That the output of Na and Ca ions is the result 
of an exchange with the cations in the chloride solution is 
shown by the fact that the amount is dependent of the 
amount of cations taken up, whereas in conformity with 
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Tcible S. 

From LUxXDegardh, Bcrstrom & Rennerfelt 1932. 
All values in milliequivalents. 


Salt 

0.0025 

n 

Cations 

absorbed 

Anions 

absorbed 

Na given 
off 

Ca given 
off 

! 

M+ 

Quotient- — absorb. 

A 

1 

1 A. 

Wheat seedlings, grown in tap water (contain but little Ca) 

LiCl 

0.520 

0.46O 

0.134 

trace 

1 .13 

NaCl 

0.040 

0.16O 


O.044 

0.25 

KCl 

O.960 

0.700 

0.476 

0.052 

1.37 

RbCl 

0.720 

0.920 

0.576 

0.076 

0.78 

CsCl 

O.(.>20 

O,080 

0.434 

0.064 

7.75 


B. Wheat seedlings, grown 

in 0.0025 11 CaiNOyl). 

LiCl 

O.320 

0.200 

0.OO8 

trace 

1.60 

NaCl 

0.160 

0.44O 

— 

0.076 

0.36 

KCl 

0.900 

0.46O 

0.070 

0.108 

1.96 

KbCl 

0.620 

0.540 

0.O78 

0.092 

0.96 

CsCl 

O.440 

0.16O 

0.058 

O.088 

2.75 


exchange laws for colloids, the larger cations have a com- 
paratively more intensive exchange effect than the smaller 
ones. 

The results described in the publication named have been 
repeatedly obtained in several later experiments. The output 
of cations is by no means abnormal, because, after the ex- 
periments, the roots continue to grow unaffectedly. It is the 
normal reaction on unbalanced solutions. In balanced solu- 
tions, which contain Ca, this element is not given off, unless, 
owing to previous overfeeding with Ca, very much of it is 
present in the organ. The same is the case with all other 
elements. The conclusion is that the absorption surface of 
the root is covered by an assortment of cations, which results 
from the absorption competition during the contact with a 
solution. Cations which are not represented in the solution 

17 — 39498. LantbrukshCgsJcolans Annaler. Vol, 8. 
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are tlieii most easily exchanged (monovalent ions of course to 
a larger extent than bivalent ones etc.). If the root has 
previously been fed -with a great deal of one ion, e. g. Ca, 
this cation can to some extent be given off even in a weak 
solution of the same ion. Hence the rules of exchange at 
colloidal surfaces are valid in all details. 


4. Root potentials. 

The results of the chemical determination of the cation 
exchange were verified by^ potential measurements. The general 
method of determining the surface potential of the root was 
outlined above (p. 242 and fig. 1 and 2). Comparative experi- 
ments in diluted acids, acid salts and neutral salts lead to 
the important conclusion, theoretically expected, that the 
measured potential is chiefly a function of the H-ion concentra- 
tion on the root surface (Lundegaedh 1938 a, 1939 a). In 
diluted acids, in the absence of metallic cations, the wheat 
root showed a cH of approximately 10“^ n. If a neutral salt 
is added, ZcH diminishes, because the H-ions are exchanged 
for metallic cations. In a solution of a neutral salt of pH == 7 
the exchange power of the cations is very prominent. Even 
in a 0.00001 n solution of KCl approximately 90 % of the 
H-ions are exchanged at the root surface for K-ions, cor- 
responding to a ZcH of c. 10~^ instead of a maximum 
ZcH == c. 10"“'h Thus the slightest traces of metal ions are 
absorbed from distilled water. This is probably the 
explanation of the »oligodynamic» phenomenon,, 
e. g. the poisonous effect of traces of copper. 

In acid solutions the exchange power of metallic 
cations is diminished, and reaches zero at a LpH, 
which corresponds to the ZpH, i. e. c. 3 for our 
wheat roots. This fact explains the detrimental effect of low 
pH-values on the absorption of nutrient cations. The ex- 
change power of course increases again with the concentration 
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o£ the salt, because the quotient in the solution decides 

the direction and magnitude of the exchange. Earlier physio- 
logical experiments, as well as practical observations in agri- 
culture, pointed in the direction that the growth retarding 
effect of low pH-values can be eliminated by adding salts of, 
e. g. calcium to the substrate. I venture to suggest that the 
M+ 

balance in the root surface is one of the deciding factors. 
To sum up: The suifface potential of the root approximately 


conforms to the formula 


ET ZcH o 

® ^ ilF Lcl 


ZcH 

ti grade — E mv = 58 . log - • Here is ZcH = cH at the root 

JucH 


side of the boundary, LcH = cH at the solution side. If, in 
wheat roots, ZcH = 10“'^ the potential difference will be zero 
at LcH == 10“'^ At LcH > ZcH the protoplasmic membrane 
of the roots will be charged positively against the solution: 
this is an abnormal situation, which very soon leads to the 
disorganization of the membrane and death. The destruction 
of the membrane begins with an abnormal rise in the ZcH- 
value. At LcH < ZcH the membrane is charged negatively 
in comparison to the solution: this seems to be the normal 
state of the root. 


Surface potentials of roots have been previously measured 
by several investigators. In these earlier observations, un- 
fortunately, the fundamental influence of the 0-boundary po- 
tential and the ion exchange in this boundary have been 
neglected. The importance of this question necessitates a full 
elucidation of this point. 

A living cell surface developes no static electricity. The 
only kind of possible charge is therefore an electromotive 
power developed in an electrical double layer. The root sur- 
face — and generally all cell surfaces — are saturated with 
water : an electrical double layer always exists in the boundary 
between the protoplasm and the cell wall. The origin of this 
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double layer is the fact that the charged surface of the pro- 
toplasm tends to attract ions of opposite sign to it. The ion 
activity of the protoplasmic membrane is probably due to its 
own ionization. 

According to the theory of Nernst the source of potential 
in the boundary is the tendency of the ions to move in the 
direction of the diffusion gradient, thus from the protoplasmic 
membrane to the water film in the cellulose membrane, and 

the height of the potential depends on this gradient 

if Cz is the ion activity in the protoplasmic membrane and Ci 

is the activity in the cell wall] and on the relative ion mo- 



bility. Because of the fact that the mobility of the H-ions is 
very much larger than that of any other ions, the relation 
ZcH 

rr— ^ will be the dominating one (se above). If ZcH > LcH 
held 


the protoplasmic membrane becomes electro-negative, because 
the positively charged H-ions have a tendency to move into 
the cell wall and thus diminish the positive charge of the 
membrane. In consequence the wall will become electro-positive 
to the same degree. If we apply an electrode to the 
cell wall, we therefore measure the charge of the 
cell wall and not of the protoplasmic membrane. 
This is the reason why some earlier investigators speak of a 
positive charge of the root surface. What they have measured 
is the positive charge of the water film in the cell wall, 
whereas the protoplasmic membrane itself carries an ecpal 
negative charge. 

A further important conclusion can be drawn from the 
theoretical analysis of the problem. Because of the fact that 
the potential of the protoplasmic surface is always the potential 
of an aqueous electrode, it has no absolute value. It is always 

ZcH 

bound to the relation measurement of the potential 

is therefore meaningless unless the value LcH is known, the 
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more so as normally roots are always surrounded by a solution. 
Tlie solution can be regarded as a continuation of 
the moist cellulose membrane. No facts indicate that the 
cellulose membrane would itself create any boundary potential 
at its outside, because the native cellulose is not dissociated 
to any measurable degree. Observations on dead roots show 
no potential differences. If, therefore, an electrode is placed 
in the solution in which the roots grow, the potential measured 
is due to the outside of the electrical double layer in the 
boundary between protoplasm and cell wall. And the potential 
of the inside of the layer, the surface of the protoplasmic 
membrane, is the same, but with reversed sign. Earlier in- 
vestigators as a rule made the mistake of identifying the 
charge of the solution with that of the protoplasmic surface. 

The cell potential must be measured by means of a non- 
polarizable liquid electrode. A metallic electrode in contact 
with the moist cellulose membrane receives a charge (positive 
for precious metals, negative for non-precious metals) which 
deranges the measurements. A general form of liquid elec- 
trodes is a weak salt solution, which, by means of a tube 
filled by KCl-agar, is connected with a Zn-Hg-ZnSO^-electrode. 
Earlier investigators generally disregard or ignore the im- 
portance of a definite composition of the liquid. Some use, 
e. g. »tap water», thus a mixture of salts of unknown and 
perhaps varying composition. A glance at figures 3 a. 5, which 
show the change in potential when a pure acid or a single 
salt is used in varying concentrations, reveals at once the 
uselessness of a potential measurement of the biologic po- 
tentials, unless the liquid electrode is exactly defined. 

The existence of diffusion potentials in living cells 
and tissues must not be overlooked. Such potentials arise, if 
a membrane separates two electrolytes of different concentra- 
tions or diff*erent compositions. Generally the source of diffu- 
sion potentials is the different mobility of the ions in a mem- 
brane. Several physiological chemists have constructed models 
in which diffusion potentials induce accumulation of cations 
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(Teorell 1933, 1937, Meter 1937), but it lias never been 
proved that such models can explain accnnuilation of salts in 
living’ cells. Osterhout (1936) describes a model in which a 
diffusion potential is induced bj the diffusion of carbon dioxide 
through a membrane. This artificial »cell» is capable of 
accumulating potassium — or any other cation ■ — but not 
anions. Besides that, very little is known about the diffusion 
potential of a weak acid such as HgCOg, especially in the 
case where cH is very different on both sides of the mem- 
brane, as is the case in respect of living cells. In our case 
diffusion potentials must be excluded as the possible explana- 
tion of root potentials (Lundegardh 1938 a). On p. 246 I showed 
that the anions of acids do not interfere with the poten- 
tials. If diffusion potentials determined the observed po- 
tentials, the migration velocity of anions, as well as of cations, 
would have a marked influence. I also call attention to the 
fact that no potential arises if the root is exposed to dif- 
ferent salt concentrations at low LpH-values. When LcH == 
— ZcH the potential is zero. If, then, a salt were added to 
the solution, a diffusion potential would arise, if such potentials 
play any role in the absorption problem at all. But the 
potential is stiU unaffected. This experiment proves that the 
source of the root potentials is the H-ion charge in the mem- 
brane and not diffusion potentials, and the change of potential 
observed at »normal» LcH-values is due to exchange between 
metallic cations and the H-ions at the membrane, as described 
above. 

The fact, mentioned here and in previous papers (Luxdb- 
gIedh 1938 a, 1939 a)', that a regular diffusion potential is not 
developed at the surface of the root, even with very steep 
gradients of salts, seems to support the assumption that a 
regular diffusion of salts through the protoplasmic membrane 
does not normally exist. I recall again the discussion on p. 237, 
in connection with Osterhout’s statement that the protoplasmic 
membrane exhibits a very high electrical i^esistance. The pas- 
sage of ions moved by » diffusion forces » is apparently very 
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limited. We have explained this fact bj the assumption of 
a membrane of oriented molecules. If metallic ions and anions 
of strong acids are >'''adsorbed» or chemically >;bound» at the 
outside of the membrane and, by the turning over of the mo- 
lecules, carried to the inside of the membrane and detached 
here by some chemical process, this theory would explain why 
diffusion potentials in the classical meaning will have little 
chance of being developed. It seems to me that Osteehout’s 
ideas as to a temporary binding of the salt ions in the mem- 
brane are supported by my results on the non-occurrence of 
a diffusion potential. 

If the phase boundary potential at the surface of the cell 
depends on ions — primarily cations — loosely anchored to 
the surface of the protoplasmic membrane, the thermo-dyna- 
mical principles of a membrane equilibrium will probably 
nevertheless be valid. The cation exchange at the membrane 
is regulated by this equilibrium (see equation 1, p. 241) and 
from this point of view the potential is only an expression of 
the ion balance brought about between a primarily charged 
menibi'ane and a dissociated solution. 

The importance of biological potentials is twofold. Firstly 
a potential, measured under normal biological conditions, — 
e. g. the root potential in a normal nutrient solution or the 
potential of kidney epithelium in normal urine — demonstrates 
the electromotive forces which participate in the normal life 
of the cells and tissues. These forces are capable of regulating 
the ion exchange, because ions of similar charge are I'etarded, 
ions of opposite charge accelerated. If, in some way, a cir- 
cuit is closed inside or outside the tissue, they also largely 
influence the transport of charged particles (= electro-cata- 
phorese and electro-endosmose). Secondl}", the magnitude and 
sign of the potential renders possible a calculation of the 
H-ion activity in the boundary, which contributes to the 
knowledge of the protoplasmic membrane, as demonstrated 
above. 
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5. Adsorption of cations. Stability of the protoplasmic 

membrane. 

If cations are adsorbed in the membrane by means of an 
exchange with H-ions, the adsorption capacity will be decided 
by the inaximimi of H-ions held by the membrane. This 
niaximnm is attained if the cell is treated with a diluted 
strong acid (< The symbol is ZcHiBax. This value can 

be determined from the potential in a diluted acid, according* 
to the formula 

-Eo = 0.19ST.log-^^f , (4) 

° ^ c . acid ^ ^ 


if c . acid is the concentration of the diluted acid during the 
determination. is here mv. 

As stated above, an exchange of the H-ions in the mem- 
brane with metallic cations will immediate!}^ begin, if the cell 
is transferred to a solution of a neutral salt. The extent of 
the exchange is I’eflected in the falling value of — E. If 
ZcM metallic cations are absorbed by exchange against the 
same quantity H-ions in the membrane the quantity ZcHmax 
must be reduced by ZcM to give the actual ZcHj value. The 
potential will then be determined by the equation 


— Ei== 0.l98T.log 


ZcHinax “ ZcM 
10 -^ 


0.i9sT.log 


ZcH, 

10 “"^' 


( 5 ) 


Here 10 ^ is the concentration of H-ions in the neutral solu- 
tion of the salt. 

The relation between the concentration of the salt (= LcM) 
in the solution and the potential of the interphase of the root 
is very simple and conforms completely to common adsorption 
rules (see fig. 5), according to the equation (cf. LuNDEGlnnH 
1939, p. 170) 


log (ZcHniax - ZcM) = log (ZcHi) = - a log (LcM) + log K. (6) 
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Fig. 5. The relation between surface potential of the root and the salt 
concentration (on the abscissa) in the solution. Two parallel series of KCl 
and one series of LiCl. 


According* to formula (5), lo^ (ZcHj is proportional to •— 
wbicli is a general statement of the fact, visualized in fig. 5, 
that the potential varies inversely with the concentration of 
the cations in the solution. This statement accoi’ds with a 
number of experiments by other scientists on animal tissues,, 
e. g. muscle fibres (Francis 1937). The phenomenon is usually 
(cf. Hober 1926 p. 732) explained as a result of diffusion 
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potentials, induced by the salt (e. g. KCl). I Iiave demonstrated 
in the foreg*oing’ that the hypothesis of diffusion potentials 
does not hold good for our roots. The theory of a charged 
membrane and adsoi’ption of cations by exchange against 
H-ions in the membrane affords a satisfactory explanation of 
all observed facts. 

In earlier series of chlorides of Li, Ha, K, Ca and Ba the 
calculated exchange power increased decidedly in a similar man- 
ner to that of the adsorption power of cations in colloids 
{Luxdegabdh 1938 a). Thus K exchanged more H-ions than 
Li, Ba more than Ca, etc. In equinormal solutions Li-salts 
give a lower negative potential than K-salts (fig. 5). This fact 
is important in view of the absorption mechanism of salts 
(see below). A series of ne^v experiments regarding the po- 
tentials in Li- and Il-chlorides is quoted in table 4. 


Table 4. 

Potentials, 2 minutes after start, on the 1 o e r 20 mm 
of isolated roots of wheat. 


1 

1 Concentra- 
tion 

O.ooooin 

O.oooin 

O.ooin 

O.oo^zn 

0.01 n 

0.033n 

O.ln 

1. KCl 

1 

I 2. LiCl 

— -120 mv 
-145 j 

-118 

— 76iav 

-84 

— 52my 

, 

; — 31mv i 

:-45 

— 12mv 

+ llmv 

-8 


Palumaxs" (1938) advances a rule according to which the 
exchange power of alkali-cations increases in proportion to 
the ionical diameters in A (cf. also Zadmaed 1939). He refers 
to experiments with iiumus colloids. I have earlier (Lunde- 
nlRDH 1932) mentioned the fact — supported by a large 
number of observations — that the behaviour of the proto- 
plasm to inorganic ions reflects in all details the behaviour 
of amphoteric colloids in general. Recently Burstrom ad- 
vanced a number of interesting observations on the ex- 
change of cations in the protoplasm: Mn-ions, which in the 
adsorbed state are normal constituents of the protoplasm 
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(see below), are exchanged, in solutions of single salts, for 
other metallic cations and this exchange obeys general laws 
of exchange in colloids. Mn has a specific catalytical effect 
upon the nitrate reduction in roots, so that the very small 
amount of adsorbed Mn could be traced by its influence on 
this process. 

The formula (6) is approximately correct for values of LcM 
between 10"“^ and 10~^n, a fact which indicates a high stability 
of the protoplasmic membrane in the corresponding region of 
ZcH^ values. These values can be calculated from equation 
(5) and are c. to c. 10“'^. As, in neutral solutions, the 
LcH value is 10"'^, we find that the membrane is stable within 
ZcH 

the relations of from c. 100 down to c. 1. 

LcH 

In experiments with diluted acids we found a stable region 
between more or less the same limits (see p. 246): the high 

limit was reached at LcH=c. 10~^ giving == 100, 


and the low limit at 


ZcHi, 


10 -'^ 


1. In experiments with 


LcH 10“^ 

neutral salts LcM- values above c. 10~^ give too high ZcH 
values: the conclusion is that the membrane holds more H 
ions than calculated, i. e. the membrane is abnormally acid. 
Just the same thing was observed for pure acids of cH > 
and our conclusion that the membrane becomes unstable when 
ZcH 


it is discharged 




is thus confirmed. 


At values ir— r- > 100 the observed values of ZcH are too 
LcH 

low: the membrane in this case holds too few H-ions. An 
example of this fact is afforded by fig. 5. The potential curves 
show a sudden drop at 10“^ m of KCl or LiCl. This change 
in the activities of the membrane does not seem to imperil 
the life of the cells, at least at LcH values of c. 10“'^, because 
roots live for a long time in very diluted solutions of single 
salts. Nevertheless the decrease of the H-ion activity of the 
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membrane iiiiist diminisli its absorption power. A very in- 
teresting confirmation of this conclusion was obtained by Bur- 
STRcai (1940), who recently found that the cation absorption 
in diluted solutions shows a minimum at pH 7. The anion 
absorption was not affected by the y)H-value of the solution. 
The niiniiniim is rather sharp, because the absorption rises 
from zero at pH = c. 3 to considerable values at pH === 6, 
quite in accord wdth our calculations from the potential mea- 
surements. 


6. The interference of anions in the 0-bounclary poten- 
tial. The possible chemical nature of the negative valen- 
cies in the membrane. 

We learned from potential measurements in different solu- 
tions that the principle of diffusion potentials (see equation 3) 
is not applicable to the root surface. The potential is crea- 
ted by a stable charge in the membrane, caused by a number 
of negative potentials, which hold H-ioiis or, in salt solutions, 
partly H-ions and partly M-ions adsorbed ». The measured 
potential is an expression for the concentration of H-ions per 
unit surface of the membrane. A balance exists between 
H-ions and M-ions similar to the thermo-dynamical eqni- 
librium expressed in equation (1),^ 

Our rejection of the principle of diffusion potentials was 
based on the experiment, among others, showing the lack of 
influence of the anions of strong acids (HCl, H^SO^, HNO3, 
H3PO4) on the potential of the root membrane (p. 246). The 
curve plotted in fig. 3 had almost exactly the same course^ 
if any one of these acids were used in a dilution series. 
The mean differences in the readings amounted to only one 
or two millivolts. 

^ This halanee can be calculated from the equations (4 — 6) and apxiearS' 
generally as the fact that LcM and ZcH are inversely proportional to 
each other. 
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These results looked somewhat puzzling from the point of 
view of salt absorption. If diffusion potentials do not exist, 
this proves also that salts are norinally not absorbed by 
diffusion. For cations the absorption mechanism was revealed 
as an ion exchange (ion adsorption). For anions, ceteris 
paribus^ a similar mechanism was postulated. But if anions 
are absorbed by exchange, also positive valencies must exist 
in the surface of the membrane. And these positive valencies 
ought to be saturated by OH (or perhaps to some degree 
HCO;j) ions, and these OH-ions must again to some extent 
influence the potential. It can be assumed a priori that the 
surface concentration of the positive valencies is much lower 
than that of the negative valencies. If the ZcH-value is high 
— as is the case if the solution is a diluted acid — the influence 
of the positive valencies will be very small. This is presumably 
the reason why the anions did not produce any noticeable 
effect on the potential. The experiments were, for this reason, 
repeated with salts of different anions. 

Table 4 shows some results of potential measurements in 
different potassium salts. We notice that the negative poten- 
tial increases somewhat with anions in the order SO4/2 < Cl < 

< JSTOg < H2PO4. This series recalls old series on the adsorp- 
tion of anions in colloids (Feeuxulich 1930, p. 293). Accor- 
ding to these, they are adsorbed in the order SO4/2 < Cl <N03, 
Hew experiments by Zabmaed (1939) gave the series Cl < 

< HO3 < HPO4. HO3 is consequently always more strongly 
adsorbed than Cl etc. 

Transferring these physico-chemical results to our case, we 
must conclude that lSr03 is more intensively exchanged for 
OH-ions in the membrane than is Cl etc. If, now, the OH- 
ions influence the potential of the membrane, according to 
the negative charge of OH, their influence would be an in- 
crease in the positive charge, i. e. a decrease in the negative 
charge. A removal of OH-ions through exchange with anions 
of an acid would consequently again increase the negative 
charge. This is just what we observe in table 4: Anions of 
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Mg-lier adsorption power give lower negative iiieinbrane poten- 
tials than anions with lower adsorption power. If dilution 
curves for different salts are compared, the curve for nitrate 
will consequently have a lower course than the curve for Cl 
etc. This was observed already in my paper of 1938 (fig. 7 
ill that paper). 


Table 4, 

A. Potentials of the lower 20 mm of isolated roots, 2 minutes after start 

of experiment. 

Concentration O.OOl n O.oi n 

KCl ~ 31 mv — 76 mv 

KNO 3 —49 —98 » 

B. Potentials of the lower 30 mm of roots of intact plants. Measurements 

60 minutes after start. 

K.BOJ 2 — 31 mv 

KCl — 35 » 

KNOg —43 « 

K-phosphate (pH = 7) — 49 » 

Our conclusion that anions are also absorbed in the proto- 
plasmic membrane by means of an ion exchange, A”“ for 
actualizes the question why the accumulation of anions 
is so little influenced by the pH value of the solution, 
whereas, according to investigations of Bubstrom (1940) and 
Burstrom & Boratykski (1936) the cation absorption is 
markedly affected. This is no doubt due to the fact that 
cations and anions are absorbed by means of different mecha- 
nisms. We mentioned, previously experiments which demon- 
strate the high degree of independance of cation and anion 
accumulation. The points in the surface of the protoplas- 
mic membrane which bind cations, are apparently separa- 
ted from the points which attract anions. We have pictured 

^ In all potential experiments the solution was continuously renewed. 
The pH of the solution is therefore not influenced by the H- or OH-ions 
which are thrown out from the absorbing surface. 
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the membrane as a mosaic of positive and iieg'ative valen- 
cies. It seems most feasible to assume that the negative 
groups are an acid and the positive ones are animoiiium 
bases. The phosphatides carry both of these groups, but it 
seems to be less probable that one single molecule should 
be able to bind simultaneously one anion and one cation. 
If different molecules of one kind or of different constitu- 
tions bind one category of ions, this would render possible 
such an individual absorption as the observed facts seem to 
indicate. 

From the ZcH values it is possible to calculate the mean 
mutual distance of the negative valencies, on the presumption 
that activities are set approximately equal to concentrations. 
If ZcHmax — the number of H ions per square cm is 

1/1000 • 6.06 • 10^^. The mutual distance of the H ions will be 

~r^ — = 0.118 • lO"”^ cm = 118 Angstrom units. This is 

6.06 ‘ 10'^® 

of course an average, because we do not know anything about the 
uniformity of the distances. From observations on monomo- 
lecular layers the mutual distance of the molecules of fatty 
acids or phosphatides in such a layer can be calculated. It 
is c. 7 — 9 A (Alexander & Teorell 1939). The negative 
valencies which constitute the cation adsorption power of the 
protoplasmic membrane can accordingly control only a minor 
part of the organic molecules in the protoplasmic membrane, 
even if these are larger than the molecules of phosphatides 
and similar substances. A molecule of oleic acid covers an 
area of c. 46 and a molecule of tripalmitine 63 A“. A 
molecule of lecithine covers an area of 70^ — 100 A^. If there 
is only one active H-ion on an area of 118^ = c. 13.800 A^ 
a large number of neutral molecules will apparently separate 
these H-ion » islands ». The number of exchangeable OH-ions 
is probably much lower than the number of H-ion s per unit 
area, but our calculation shows that there will be plenty of 
space for both kinds of valencies in a membrane built up 
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as a mosaic of large molecules. From tliis point of view 
there are no difficulties in the way of iiiiderstanding the 
individiial behaviour of the cation and anion exchange. 

The Idiietical aspects of nionomolecular layers are no doubt 
different from the theory of uniform solutions. The molecules 
ill a nionomolecular layer have a restricted mobility and their 
behaviour seems to be intermediate between that of a crystal 
and that of a solution. For the calculation of their activity 
in a solution one postulates the free mobility of the particles. 
The activity coefficients calculated for solutions cannot there- 
fore be employed for the surface of the protoplasm. The 
following calculations, therefore, can only be regarded as 
rough approximations accepted for activity = concentration 
and the assumption that molecules in a monomolecular surface 
behave as molecules in an ideal cross-section of a solution. 

The first dissociation constant of lecithin and other phospha- 
tides is pKi ~ c. 1 (Chao & Eemp 1934). The phosphoric acid 
group of lecithin is consequently dissociated to c. 99 % at 
pH = 3 and to c. 99.999 % at pH = 6, thus practically com- 
pletely dissociated for ail sustainable pH- values (see above). 
A protoplasmic membrane which is built up of pure phos- 
phatides would consequently carry one H-ion on each c. 9 A; 


thus, calculated by volume, corresponding to a 



== c. 2.25 


molar solution. Potential measurements, as well as other 
observations, show, on the contrary, that the H-ion concentra- 
tion of the protoplasmic membrane corresponds to c. O.ool 
mols/liter. If phosphatides are present in the membrane, the 
phosphoric acid group would be directed towards the outside. 
As mentioned above, the phosphatide molecules must conse- 
quently be assumed to form isolated islands in a more neu- 
tral membrane substance. 

Apart from the conceptions of the composition of the 
protoplasmic membrane, which emerged from the earlier 
permeability experiments of several investigators, our recent 
■determinations of the apparent constancy of the H-ion 
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concentration of the membrane for various LpH*values speak 
in favour of the view that substances of high acid dissocia- 
tion, similarly to phosphatides, take part as constituents of the 
membrane. 

The practically complete constancy in the ZcBL-value, if the 
LcH-values were varied from c. 10““^ to c. 10"”^ n, seemed 
to indicate (Lundegarbh 1939 a) that the H-ions did not 
originate from dissociation in the membrane. The new facts 
about the strong dissociation of the phosphatides make it 
however possible to explain the observed constancy of the 
Hdon potential of the protoplasmic membrane from general 
principles of dissociation. 

Isolated phosphatides are to some extent spontaneously 
oxidized, during which decomposition fatty acids, but not 
choline, are liberated. The dissociation constant of fatty 
acids is estimated as about 10“^. This comparatively low 
value makes it very improbable that fatty acids to any ap- 
preciable degree compose the protoplasmic membrane. At 
pH = 3 the fatty acids are dissociated to c. 1 %, at pH = 4 
to c. 10 %, at pH = 5 to c. 50 % and at pH == 6 to c. 90 %. 
If the main substance of the membrane consisted of fatty 
acids, this would consequently involve a tremendous variation 
in the ZcH-value in the region LcH = 10“^ to 10“^ n, for 
which on the contrary a high stability of the ZcH-value was 
observed. It must therefore be concluded that fatty acids, 
if they are present at all in the protoplasmic membrane, 
constitute only a minor part of it, say 10 to 20 % of the 
assumed number of phosphatide molecules. The following 
conclusion can be drawn: The majority of the molecules 
which build up the membrane will no doubt be substances 
possessing no dissociation power at all. As islands in this 
indifferent substance, at a linear distance from each other of 
at least ten times the molecular section, lie molecules of a high 
acid dissociation power. 

Certain earlier observations of Haksteen-Cbanner (1922) and 
Lundegardh (1932) speak for the presence of phosphatides in 

18 — 39498. Lanibrukshogskolans Annaler, Vol. 8, 



274 


Henrik Lnndegardli 


the protoplasmic membrane. Lundegaedh, Burstkom and Een- 
NERFELT (1932) mentioned a liberation of organic substances 
containing phosphorus in unbalanced solutions. Full evidence 
that these substances really are phosphatides has not yet been 
obtained. Speculations as to the nature of the main substance 
of the membrane are of but little use. The suggestion might 
perhaps be advanced that the protoplasmic membrane contains 
a large amount of substances which are chemically transfor- 
med into cellulose. This will probably be the case in still 
growing, or in any case young, cells, i. e. the absorption cells 
of the root (root hairs). Plasinolyse experiments show that 
the membrane is intimately connected with the cellulose 
membrane. The formation of cellulose from glucose postulates 
a chemical mechanism, and it is probable that this mechanism, 
or pmrt of it, is situated in the membrane. According to this 
hypothesis, the main substance of the protoplasmic membrane 
of young vegetable cells could be characterized as »procellu- 
lose». In older cells, in which also the protoplasm separates 
without difficulty from the cell wall in plasmolysis, the mem- 
brane substance might have a different constitution. The 
same would be the case for cells of fungi, which are coated 
by a chitin wall. Prom this view-point it is interesting to 
notice that the permeability of Beggiatoa (Schoxfeldeb 1930) 
shows differences from, e. g., the permeability of Chara (Col- 
LAXUER 1937 a) and that different kinds of mature cells of 
higher plants might behave differently in respect of permea- 
bility. There is, thus, some evidence in favour of the hypo- 
thesis that the main substance of the protoplasmic membrane 
is in some way chemically related to the wall substances. 

If we try to characterize the activities of the protoplasmic 
membrane more in . detail, due attention must be paid to the 
fact that the presence of OH-ions (base dissociation) has a 
minor effect on the boundary potential, which is shown to be 
chiefly affected by the H-ion concentration. If phosphatides 
cause the acid reaction of the membrane, and if these behave 
as freshly prepared phosphatides in pure monomolecular 
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layers, the strong* basic dissociation would practically neutralize 
the effect of the H-ions (the i. e. p. is assumed to be pH =7.5; 
measured values c. 6.5, see Fischgold & Chaii^ 1934, Chain & 
Kemp 1934), because in the pH region 3 — 6 (see above) on 
the positive as well as on the negative side a practically 
complete dissociation would occur. We must therefore conchide 
that the haste dissociation in the memirane is much smaller than 
the acid one. The observations on the effect of different anions 
on the potential (p. 269) point in the same direction. On the 
assumption that phosphatides cause the pronounced acid 
reaction of the protoplasmic membrane, the conclusion must 
be drawn that the basic group is counterbalanced by means 
of binding to other acid groups within the membrane. The 
nature of these is quite hypothetical. 

Our assumption that }ihosjfhoric acid groiips are carriers of 
the negative valencies in the protoplasmic membrane is sup- 
ported by the fact that the charge is to a large extent 
dominated by the carhohydrate ynetaholism f As is well known, 
phosphoric acid plays an important role in the first stage of 
the break-down of the glucose molecule. An intensification 
of the respiration would, from this point of view% require 
more phosphoric acid groups, which would lead to an impo- 
verishment of them in the membrane. Intensified respiration 
ivoiild consequently tend to diminish the negative charge of the 
membrane. This is actually the case, as several experiments, 
which are described more in detail in the following, show. 

Conclusions: The electro-chemical behaviour of the 
protoplasmic membrane indicates the presence of molecules of 
a high acid dissociation constant. If these molecules occupy 
areas of 50 — 100 their concentration in the surface must 

^ After the completion of the manuscript there appeared a notice of 
Convey & Boyle (1939), which deals with »a mechanism for the con- 
centrating of potassium hy cells, with experimental verification for muscle» . 
The authors advance the assumption that »phosphorylated compounds im- 
portant for the carbohydrate cycle» play a role in the cation absorption of 
muscle fibres. 
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be somewhat less than 1 %. Fatty acids, if present at all, 
are presumably represented in the membrane only to a minor 
degree (less than 0.2 %). The chief part of the membrane 
surface is no doubt occupied by non-dissociated compounds. 
If the acid compounds in the membrane are identical with 
phosphatides, the basic group , of these must be ahnost comple- 
tely neutralized by some hypothetical acid groups in the main 
substance of the membrane. Under all circumstances the 
basic dissociation in the membrane must be lower than the acid 
dissociation. 

7. Local potential differences on the surface of the root. 

The geo-electrical response. 

The potentials of the surface of the wheat roots, which 
are the back-ground for our discussion of the characteristics 
of the protoplasmic membrane, refer to the lower ends of 
roots, which were held in the normal vertical position. 
According to the research work of Brauner (1927) the poten- 
tial of stems and roots of plants is instantaneously changed, 
if the organs are changed in their position. Bbauitee speaks 
of a »geoelectrical» response. This response also occurs in 
the cut roots which I have used in my experiments. Brauner 
explains the geoelectrical reaction by the differential effect of 
gravitation on the distribution of cations and anions in the 
phase boundaries, and it seems to me that no serious objec- 
tion can be raised to this general conception. ISTot only 
inorganic ions, but also the large molecules which constitute 
the membranes will of course react upon gravity, but it is to 
be assumed that the dislocation of the small ions will be 
more prominent. The geoelectrical response which Brauxee 
describes is probably the sum of small changes in all phase 
boundary layers of all cells which build up the organ. 

^ In our case we have tried to isolate the reaction of the 
boundary between the root surface and the surrounding solu- 
tion, and our conclusions refer to changes in the charge of 
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this boundary, if the conditions of all other boundaries are 
kept constant. We do not know what happens to the root 
surface, if the root is reversed,' so that the tip points upwards. 
The potential changes suddenly, but it shows a tendency to 
return to its original value. It looks as if the geoelectrical 
reaction depended upon a small dislocation of the charged 
particles in the membranes, which is counterbalanced by a 
tendency to restore the normal state. 

The following experiments show the reaction of the roots 
to gravitation: 

A root of wheat was cut into pieces 15 mm long, w^hich 
were jdaced in normal vertical position between two 
O.Ol n KOI electrodes. The lower end was submerged c. 5 mm 
in the solution, so that the free part between the electrodes 
was c. 10 mm. All the ineces shoived a negative potential of 
the loioer end, larger (19 — 20 mv) in the two apical pieces, 
smaller (4 — 13 mv) in the basal pieces of the root (fig. 12), 

This normal reaction of the root lasts for several minutes, 
and is assumed to demonstrate that the H-ion concentration 
is normally larger at the lower end of the root than at the 
upper end. 

If similar experiments are performed with roots in the 
horizontal position, the result is the same: the ana- 
tomically apical part of the root is negatively charged as 
compared with the base. In these experiments the liquid 
electrodes were glass tubes of c. 1 mm in diameter, which 
were placed vertically on supports so that the root could be 
placed as a bridge on two drops, emerging from the tubes 
(see fig. 6). By moving the supports, which were controlled 
by micrometer screws, the length of the bridge was varied. 
A few examples are given below (total length of the isolated 
root ca. 30 mm): 

The basic end of the root rests on the left electrode (see 
fig. 6), the right electrode is moved from the tip to the base 
and gives the following readings: 
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Fig. 6. A scheme of experiments with roots in horizontal position. 

1 . 2 . 

0.5 mm from the tip — 25 mv — 22 mv 
3 » » » » — 40 » — 36 » 

6 » » » » — 45 » — 10 » 

12 _20 » — 2 » 

1 7 » » » » — — 2 » 

In several other experiments the normally negative charge 
of the apical end of the horizontally placed root was 
confirmed. 

If the tip of the root is fixed to one electrode and the 
other electrode is moved from the base towards the tip, the 
electromotorical force generally increases with decreasing 
length of the bridge. We return to this fact below. 

Boots which are put vertically, bnt in inverse direc- 
tion (tip upwards), ^show a normal charge in the first few 
seconds, bnt in a few minutes this shifts over to a reversed 
charge. Thus the tip now reacts positively in comparison to 
the base, whereas the voltage is lower than normally. This 
experiment shows that the charge of tip and base of the 
root is partly induced by the gravitation. But the result of 
the measurements of roots in a horizontal position shows that 
the ontogenetical diifferentiation of the organ predominates. 
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Fig. 7. Potentials in different zones of wheat roots from 3 weeks old 
seedlings. Upper electrode: O.Oi n KCl. Lower electrode: 0.0005 n CaCL. 
One of the roots is younger. 


If we assume that the geoelectrical response depends upon 
dislocations of small inorganic ions, this effect will in rever- 
sed roots partially overlap the electrical influence of the large 
organic ions in the membranes, but not cause any endurable 
structural changes in them. 

The charge of the protoplasmic membrane is no doubt a 
product of the genetical factors. Experiments with different 
kinds of roots show that, e. g., rye roots have a ZcH value 
(in diluted acids) of c. 10“^, whereas oats and barley showed 
approximately the same ZcH-values as wheat. 

Ontogenetical differences also occur. Our present investiga- 
tion covers only roots, and it is to be expected that cells of 
other organs will show rather deviating charge. As mentio- 
ned above, the experimental technique is very difficult for all 
such determinations, because one always measures two boundary 



Fig. 8. As iu fig. 7. Potentials of four wheat roots, two of the »yonng« and 
two of the "older# type. 


mv 



Fig. 9. Potentials in different zones of quite young roots of wheat (seed- 
lings a few days old). Electrode solutions as in fig. 7. 
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Fig. 10. Potentials in different zones of roots of oat seedlings. Electrode 
solutions as in fig. 7. 

potentials, one at each electrode, and the possibilities of 
eliminating one of them requires careful study (LuNDEalRDH 
1938 a). That the ontogenetical differentiation of the root cells 
involves special behaviour of the surface layer of the root 
cap, the vegetation point, the zone of elongation, the zone of 
root hairs etc, can be concluded from the potential at 
different heights of the root. A number of experi- 
ments with roots in a horizontal position were mentioned 
above. 

In view of the importance of a well defined and constant 
composition of the electrode solution, which is put in contact 
with the root surface, the following arrangement was chosen 
for measurements on roots in normal vertical position. 

The base of the isolated root was enclosed in the narrow 
top electrode, which was fiUed with O.Ol n KCl (see fig. l). 
This electx'ode was carried by a slide, which was moved in 
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Fig. 11. Potentials in different zones of a i)ea root. Electrode solutions 

0.O2 n KCl. 


vertical direction by means of a micrometer screw. The 
lower electrode consisted of an open tube with solution. 
The upper electrode was gradually lowered, so that first the 
tip, then more and more of the root was submerged in the 
lower electrode. The potential was measured at short inter- 
vals (see fig. 7 — 11). 

Eoots of wheat, oats and peas behave very much in the 
same way. If only the root cap (c. 0.6 mm) dips into the 
lower electrode, a potential of c. ■ — 30 to — 60 mv, relatively, 
is measured. Further lowering of the root into the solution 
raises the negative potential up to — 90 mv, when 2 — 4 mm 
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(in oats and young* wheat) or 12 — 15. mm (in older plants) of 
the tip is submerged. Then the negative potential decreases 
again and falls continuously to zero, when the whole root is 
submerged. Positive potentials were not met with. 

The method does not of course render possible an exact 
determination of the surface potential, because the submerged 
part behaves as a unit. The striking agreement between these 
results and the » bridge » measurements described previously 
(see p. 278 and fig. 6) nevertheless permits of the conclusion 
that a maximum of negative charge occurs in a zone c. 
3 — 15 mm from the tip, and that from here the charge de- 
creases on both sides. 

The interpretation of the unequal distribution of the charges 
is a rather delicate problem. An important starting point is 
the fact that the height of the observed minus-x3otentials of 
the c, 20 mm long end piece of the roots is within wide limits 
independent of the total length of the root (see fig. 7 — 10). 
This fact leads to the conclusion that the end piece of the 
roots carries a considerably higher negative charge than the 
upper basal parts. Observations on roots in horizontal position 
show that the potential above a c. 20 mm long end piece is 
sometimes even weakly reversed, if the root is placed as a 
bridge (see fig. 6). The gentle drop of the minus-potential 
in the experiments with roots in vertical position (fig. 7 — 11) 
is consequently a resultant of a strong negative difference 
between the tip zone (3 — 15 mm) and the rest of the root 
and a low positive or negative potential difference between 
the base of the root and a medium zone behind the » active' 
end piece. ^ 

The fact that the potential gradient is larger in the end 
piece than in the rest of the root can also be demonstrated 
by cutting up a root into pieces and determining the poten- 
tial differences in each piece. Two such experiments are shown 
in fig. 12. One of them demonstrates also the geoelectrical 
effect in reversed roots. 

The main results of these observations are the following: 
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Because of the zonal variations of the potential within the 
end piece (0 — 20 mm) of the root the conception ZcHmax has 
a meaning only as an approximate average, which can be used 
in studying the reactions of the surface. The exact value of 
ZcHmax must Vary within one pH-unit (corresponding to 50 — 60 
mv, see fig. 7 — 10). The ZcHmax- value of the basal parts of 
the root is of lower magnitude. Owing to earlier calculations 
the root base is approximately discharged in O.oi ii KOI 
(Lundegaedh 1938 a). Its H-ion activity is consequently c. 10 — 
100 times lower than that of the end piece of the root. 

The general behaviour of the different zones of the root^ 
i. e. their reaction to diluted acids, neutral salts etc. is iden- 
tical (Lundegardh 1938 a). We conclude from this fact that 
the ZcH- value of one zone 3 — 15 mm above the tip is maximal. 
A comparison of these results with Burstrom’s (1939 b) deter- 
mination of the zone of absorbing root hairs shows that the 
ZcH-maximum is attained at a height of the still growing root 
hairs which coincides with the zone of maximal salt absorption. 
The ZcH-values on the basis of which we have calculated the 
activity of the protoplasmic surface refer to the lower 20 mm 
of the root, and consequently include the zone of maximal 
absorption power. 

The unequal H-ion activity in the root surface induces no 
doubt weak electric currents, if the current is closed by a 
conducting solution, which is generally the case under natural 
conditions. Hence the root tip (3 — 12 mm) is a micro-element 
of an electromotive force of 30 — 50 mv. But the resistance 
in the thin root is high (a detei'mination gave c. 33 . 10^ ohms 
per mm ■= c. 3.3 . lO^-^ohms in a 10 mm long root tip). If 
the external resistance can be neglected, a current of c. 10”'^ 
amperes would arise, with a transport power of c. 4 . 
miUiequivalents per hour. Owing to the negative charge of 
the zone of elongation (which coincides with the zone of 
beginning root hairs), anions would be transported from the 
vegetation point to the zone of elongation of cells, a point 
of some interest in the problem of auxin transport. Auxin 
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Fig. 12. Potentials in different parts of 
^Y]leat roots. Tbe roots were cut up into 
15 mm long pieces. The x>otential dif- 
ferences betw'een the ends of each piece 
were determined in the apparatus fig. 1. 
Each electrode was filled with O.Ol n KCl. 
In normal vertical position the potential 
differences are largest in the 2 X 15 mm 
end zone. Also the reversed pieces show 
immediately after the start similar dif- 
ferences. In 2 — 3 minutes the geoelectri- 
eal effect results in a partial reversal of 
the i;)otentials (see p. 278). See the figures 
to the left (0 minutes) and to the right 
(3 minutes) of the diagram. 
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is an anion. This question will be dealt with elsewhere (cf. 
also Kinoshata 1939, Crafts 1939, p. 481). 

A reverse current would occur in the upper part of the root, 
but as the potential gradient here is less steep, the power of 
transportation would be very small. Our calculation is of course 
very approximative, but » micro-currents » undoubtedly occur 
in the roots. As regards the transport of inoi’ganic ions these 
currents are probably of very little importance. Nevertheless 
cations and anions of electrolytes will, to some extent, be 
separated by different parts of the root surface. Thus cations 
will preferably be attraced to a zone a few millimeters above 
the tip, just where the root hairs are young, whereas the 
anions will be more attracted by the somewhat older root 
hairs. The fact that the anions are »drawn^> into the root 
against the negative potential probably reduces the importance 
of this weak »electroiysis» brought about by the root end. 
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Indeed Buestrom (1939 b) was unable to establisb any difference 
in the uptake of K and NO3 through the root tips. The zone 
of maximal potential also coincides with the maximum of 
NOg-reduction according to Buestrosi’s results. Thus high 
negative surface potential, high alsorption power and high meta- 
bolic activity coincide, A pre-supposition for the endurance of 
local potential differences on the surface of a root which is 
surrounded by a conducting medium, is of course the regene- 
ration of the charges. Adsorption alone is an insufficient 
cause of unceasing currents, for these will tend to create an 
equilibrium between ion exchange and potential, so that the 
current ceases. The real source of the enduring potential 
differences between the root surface and the solution must be 
sought in the metabolic activity. 

The geo-electrical effect, mentioned above, shows that the 
boundary potential is very sensitive to the relative positions 
of ions in the cell, which in this case are affected by gravity. 
Our previous experiments with change of LcH at constant ZcH 
(in diluted, pure acids) or change of ZcH at constant LcH 
(in neutral salts of different concentration) showed on the 
other hand a marked lability of the membrane at extreme 
ZcH 

values of the relation We concluded that stability of the 

ZcH 

qualities of the membrane postulates values of between 

c. 1 and c, 100. This behaviour of the membrane recalls 
previous investigations in the stability of inonomolecular layers 
of fatty acids, proteins and phosphatides (cf. e. g. Rideal 1939). 
Generally speaking the interfacial tension of such layers 
diminishes, if the ends of the carbon chains, which emerge 
into the aqueous phase, are dissociated (Doxeae 1899, Peters 
1931, Daxielli 1937). 

If metallic cations are present in the solution, the proto- 
plasmic membrane eliminates a part of its negative charge 
through exchange of its H-ions for those. This exchange 
power increases of course with the potential and thus attains 
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its masimiim in a dilated solution of a neutral salt. TMs is 
the reason why every trace of a metal is absorbed from 
»distilled» water. The so-called oligodynamic effect arises 
from the maximum negative electric charge in distilled water, 
which, at a ZcH- value of would theoretically be c. 

10 "^ 

58 . log 232 mv. Even very small amounts of 

metallic cations in the water reduce the ZcH-value to an 
endurable degree, but in the complete absence of such possi- 
bilities of exchange, the ZcH-value seems to be reduced by a 
sort of » revolution » within the membrane itself. The nature 
of this self -regulation is unknown, hut it is worthy of mention 
that a high negative charge of the membrane works thermo- 
dynamically in the direction that anions in the membrane tend 
to be thrown into the solution. In fact earlier experiments 
show that organic compounds, presumably phosphatides (Lux- 
DEGAUDH, Burstrom & Eexxerpelt 1932, Lundegarbh 1932), 
are liberated from the root surface, when the solution is 
alkalinized, i. e. at high potentials. Obviously the organic 
compounds, carrying a phosphoric acid group and thus behaving 
as large anions, with the diminished interfacial tension leave 
the membrane and thus participate in the lowering of the 
phase boundary potential. The repulsion of anions includes 
of course not only the constituents of the membrane itself, 
but also dissolved anions from the inside of the cells. Thus 
organic acids, and inorganic acids, if present, tend to escape 
from cells, if the environment is alkalinized and the surface 
potential consequently increases. The output of carbon dioxide 
is also facilitated by a high boundar}^ potential. We shall 
return to this problem later. 

Our discussion of the characteristics of the protoplasmic 
membrane has repeatedly emphasized analogies with the be- 
haviour of monomolecular films. I consider that the general 
view which Langmuir (1939) gives as to the biological impor- 
tance of such films, is well founded. Nevertheless one must 
bear in mind that the protoplasmic membrane is certainly 
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built up of more than one bind of molecules, and that it 
probably has a thickness of many layers of molecules. If 
chiefly the surface layer determines the charge, ion exchange 
power etc. and, owing to its compressed structure, holds the 
single molecules in tight bundlesS there are again other facts 
which suggest a metabolic activity close to the sur- 
face, The molecules in the surface layer are probably not 
excluded from this chemical activity of the sublayer or of the 
bulk of protoplasm. In a pure layer of fatty acids, too, the 
single molecules are thought to vibrate and from time to 
time to turn over (Langmxjib 1939), and the idea of such 
an interaction between the surface layer and its two faces 
will assist our further discussion of the absorption and accu- 
mulation of ions. 

The apprehension of a surface layer of oriented molecules 
is no obstacle to the general conception of permeability. 
Owing to the dissociation of some of its molecules and its 
electrical charge the compression (interfacial tension) of the 
surface of the protoplasm is certainly not high, and small 
molecnles of a diameter up to 4 A (LunDEolEDH 1935) will 
be able to » wriggle » through it. The comparatively low inter- 
facial tension will also allow large molecnles (e. g. virus mole- 
cules) to sink into the membrane and be devoured by the 
protoplasm, in a way similar to that in which a plasmodium 
or an amoeba devours its food. Owing to the high hydro- 
statical pressure in plant cells, the membrane is intimately in 
contact with the cellulose wall, especially in meristematical 
cells. Indicative of this intimate contact are the threads 
which, under certain circumstances, join the shrinking protoplast 
in plasmolyzed cells to the wall. The close contact between 
membrane and cellulose wall might perhaps modify the nature 
of the interfacial layer or lead to a certain » knottiness ». 

^ Artificial monolayers of more than one kind of molecules have also 
fieen synthetisized (Adam & Jessop 1928; SCHULMAN & Rideal 1937; 
Eideal 1939). 
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8. Time course of root potential. 

As indicated by our previous studies, the power of tlie root 
surface to adsorb metallic cations is closely related to tbe 
H-ioii concentration of the protoplasmic membrane. This, on 
the other hand, is probably associated with the acid dissocia- 
tion of some constituents of the membrane. The adsorption 
of metallic cations is, therefore, to be compared to the for- 
mation of a salt. A striking* parallelism to the studies in 
this laboratory on adsorption, exchange and antagonism of 
cations is provided by the studies of Langmuir and collabora- 
tors on the adsorption of cations in monolayers of fatty acids, 
spread on an aqueous surface. At pH-values which induce a 
maximum dissociation of the hydrophilic carboxyl-ends of these 
long molecules — thus preferably on the alkaline side (pH > 7) 
— cations are intensively adsorbed, even if they are present 
in very diluted concentration (see above, » oligodynamic pheno- 
mena »). Antagonistic phenomena were also observed between 
sodium and calcium etc. Earlier studies by Bursteom (1934) 
showed that ion antagonism is a mass competition between 

cM 

ions at the surface of the root. Thus the relation (if M 

Cil/^ 

represents a metallic cation) dominates the intensity and 
direction of the antagonistic action. Generally the cation 
expels the cation from the surface, if > cJA. This 
principle of equivalency has a general bearing also for in- 
organic colloids. Graphically the absorption of the ion II^ 
with increasing amounts of JSU is visualized by a S-shaped curve 
which probably has an asymptotical course in the right shank. 
If qMi is much lower than but little Mi is absorbed, 

but even with a very large surplus of the absorption of 
Ml is not completely prevented. This seems to be a very 
important biological observation, because the phenomenon 
ensures a minimum absorption of minor elements in a mixture 
of nutrient cations^ especially if the minor element is cha 
racterized by a high adsorption capacity (== high valency and 
19 — 39498. Lantbrukshogslcolans Anndler. Vol. 8, 
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low kydration power). 


When 


Cil/i 


approaches 1 the antagonis- 


tic action increases violently and at the value of 1 turns 
rapidly over into the reversed state, antagonism of 31 ^ on 31 ^. 

The nature of the adsorbed cations largely influence the 
physical properties of monolayers (Langmuir 1939). The sur- 
face px'essure of the film, which tends to spread the molecules 
in the iiiterfacial boundary, is caused by the interaction of 
the dissociated groups and water molecules. If the H-ions 
are exchanged against metallic cations, the mobility of the 
hydrophilic ends of the carbon chains is changed. It was 
frequently found that the binding of potassium in the proto- 
plasm makes it more »liquid», whereas calcium has the reverse 
effect. In respect of fatty acids in the bulk phase, these 
differences are exemplified by the different qualities of the 
soaps. Similar observations of the influence of adsorbed 
metallic ions on the physical properties were made on soils 
(Jenny & Eeitemeier 1935; Jenny & Overstreet 1938). If 
the potential of the protoplasmic surface is partly dependent 
on the surface tension and its influence on the chemical com- 


position of the membrane, the nature of cations adsorbed on 
this surface will determine the potential. 

In a preceding paper it was pointed out that the » exchange 
potential» of the root surface was established within c. 2 
minutes. In this time the cation exchange was completed. 
In solutions of potassium salts however the exchange poten- 
tial did not last longer but decreased slowly, until a 
comparatively low » Arbeitspotential» was reached (fig. 13). 
Also in pure diluted' acids this slope of the potential was 
observed (fig. 12). Each of the curves in fig. 12 and 13 is an 
average of 5 — 6 sepai^ate registerings. 

In these experiments cut roots, 60 — 70 mm in length, of 
wheat seedlings (3 weeks old) were used. The roots were 
placed in vessels as in fig, 1. As the junction for the upper, 
cut end of the root was used a O.oi n KOI solution. The 


lower electrode, in which the root end was submerged to 20 
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mv 



Fig. 12. The time course of root potential in diluted acids. Each curve is 
an average of 5 — 6 separate registerings with single roots. These curves 
are not corrected for the zero-potential of the electrodes. After correction 
the maxima coincide (see p. 246). 


mv 



Fig, 13, The time course of root potential in potassium salts as in lig. 12. 
These curves are corrected. 


mm, contained the slowly flowing test solution. The deflec- 
tions of the galvanometer (c, 10000 ohms resistance) were 
registered photographically in the usual manner. By means 
of a comparison with the magnitude of deflection at a known 
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voltage and the same total resistance (c. 10^ ohms) the millivolt 
values were calculated. 

The curves show with uniformity the rapid attainment of the 
ojjtimal exchange potential, somewhat more rapidly inlO'~'^ii than 
in 10~^ 11 . The maximum of the curves is more hat if acids are 
used. This perhaps depends on the direction of the exchange. 
In salts metallic cations move towards the root surface, H-ions 
in the opposite direction. In pure, diluted acids H-ions move 
inwards and substitute metallic cations, which were previously 
adsorbed. Metallic cations pass continuously from the interior 
of the root (Lundegaruh 1937, Table XII, XIII, E 40, 46, 
51), which might delay the moment of equilibrium. 

If a root is transferred from destilled water to a diluted 
solution of, e. g., KCl the H-ions are chiefly exchanged against 
K-ions. If the root comes from a complete nntrient solution, 
the K-ions will exchange plenty of Na, Ca, Mg ions etc. among 
some H-ions. But it is characteristic of the adsorption in the 
root surface that the final result will be the same, and the 
exchange will be completed in about the same time. 

If, now, the potential is observed or registered for a longer 
time (2 — 3 hours) and such experiments are repeated with 
different salts of the same concentration, one finds that the 
fall of the potential is much more striking in salts of potassium 
than in solutions with Li, Na or Ca. Big. 14 shows examples 
of such time-curves. These experiments were performed with 
seedlings, of which the leaves were cut off at c. 15 mm above 
the seed. Generally 3 seedlings were held in the potential 
vessel (cf. fig. 2) by means of a tuft of dry cotton-wool, so 
that the root ends dfpped c. 20 — 30 mm into the test solution. 
As the top junction was used a pillar of cotton-wool, moistened 
with O.oi n ECl. 

In such continuous potential measurements one must take 
into consideration the fact that to some extent the root creates 
its own environment. Owing to ion absorption and the emission 
of carbon dioxide, exactly the root »film», i. e. the neighbouring 
layer of the solution, gets a composition which differs from 
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Fig. 14. The time course of root potential. Experiments with decapitated 

seedlings. 



Pig. 15. Potential measurements of a root system, which was held in 
10"”^ n KCl. The arrows indicate the renewal of the solution. 

the »free» solution. In a continuously flowing solution, the 
peculiar behaviour of the root film is less marked. Earlier 
investigations, e. g. those of NiGHTiifGALE (1934), show the 
importance of the aqueous film for the pH-regulation. The 
root cells thus to some extent create their own pH-environment. 
The respiration g*enerally tends to increase the H-ion conceii' 
tration in the aqueous film. If on the other hand, the com- 
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position of tlie solution favours tlie absorption of cations, e.g. 
in solutions of the LcH-valiie will increase, despite 

the respiration. In this case the phase boundary potential of 
the root decreases, in the reverse case (= decrease of LcH) 
the potential difference increases. 

An example of a decrease in log^^, brought about as a 

LiCxl 

predominant effect of respiration, is given in fig. 15. The 
ends of roots of three plants were dipped into c. 3 cc of 
O.OOOl n ECl. In 30 minutes the negative potential decreased 
to 20 — ^30 mv. After renewal of the solution, the potential 
rose again to c. —bO mv. This regulation of the LcH-value 
amounts to c. 0.6 pH-units. In KCl the cations are absorbed 
somewhat faster than the anions and the acidifying action of 
the remaining anion is increased by the emitted HCOgdons. 

If, now, the occurence of an aqueous film of special com- 
position is avoided as far as possible by means of a flowing 
solution, the decrease of the negative root potential never- 
theless endures in potassium solutions, but not in salts of 
Li, Ea and Ca. The registrations of the galvanometer de- 
flections imply a continuous current flow through the plants. 
This current is very weak, because the resistance of the KCl- 
tubes, which serve as junctions, is very high, some 10^ ohms. 
The current is then e. 4 — 8 X 10“^ amperes. Control experi- 
ments show no influence of this weak current on the boundary 
potential. Some experiments, in which the potential was 


Talk o. 

Time series in different chlorides. Three plants in 
each experiment. 


( 

Time 

O.ool n KCl 

O.ool n LiCl 

O.ooi n NaCl 

1 

4 mimites 

-84 mv 

—97 mv 

1 

— 80 mv j 

40 » 

~o0 » 

-97 

-91 s 

75 

-24 

-93 » 

-84 « 
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1 - 9 « 

-87 » 

i 

CO 

CO 



On absorption and accumulation of inorganic ions 295 


pot. % 



Fig. 16. The time course of root potential in solutions of IvCl, CaCLj and 
combinations of these salts. 


measured discontinuously at long intervals by means of a 
Wheatstone bridge device, give quite similar results (see table 5). 

Special series were devoted to combinations of Ca- and 
E-salts. One of these is visualized in fig. 16. The potentials 
are here taken as percentages of the maximum value. The 
curves demonstrate clearly that the potential declines rapidly 
in O.oi n KOI, After 75 minutes it amounts to only 33 yo 
of the initial value. A mixture of one part of and 

two parts of KCl (still O.oi n) raises the end value to 78 %, 
or 55 % in 130 minutes. If equal parts of CaCl2/2 and KCl 
are mixed, the decline is still more limited. In pure CaCL 
no decline at all can be noticed in the boundary potential. 

Experiments with complete nutrient solutions show that a 
certain negative charge of the root as compared with the 
solution is the normal state. In freshly prepared nutrient 
solution wheat roots attain a potential of -“40 to — 65 mv, 
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wliicli corresponds to a ZcH- value of c. 10~^ (ZpH == 6) (see 
Lundegardh 1938 a and 1939 a). It was found that measured 
potentials refer chiefly to the boundary between root and 
solution, because chang-es in the composition of the solution 
cause immediate changes in the potential. If the time 
of observation is extended, absorbed ions are to a certain 
extent transported to the inner cells, and the possibility cannot 
be excluded that observed changes in the potential apply to 
inner boundaries too. This question must be left open. The 
comparatively rapid fall in the potential curve in potassium 
solutions indicates, in my view, that primarily the boundary 
between the solution and the root is affected. As a negative 
potential of c. — 50 mv is the normal state of the root sur- 
face, the decline in pure potassium salts indicates a degene- 
ration'^ of the protoplasmic membranes. I recall here the 
previous discussion on the detrimental effect of an intensified 
hydration of the membrane, which seems to result in a 
decrease of the H-ioii activity of the membrane. Now the 
K-ion is known to intensify the hydration of the protoplasm, 
to make it more »liquid», and the decrease in potential, 
which indicates a decrease in the ZcH-value, seems to be a 
consequence of this circumstance. 

Pursuing our line of thought, it is to be assumed that the 
curative effect of calcium on the properties of the protoplas- 
mic membrane is caused by the lowering of the hydration. 
Manganese, too, raises the surface potential of the root (see 
LuxdeGxIrbh 1939 b). Boots grown in nutrient solutions free 
from Mil gave c. 30 mv lower potential than normal. The 
normal state of the «protoplasm seems to require an assort- 
ment of a number of nutrient cations adsorbed at the surface. 
Of these, apparently, Ca is the dominant one, but also Mn 
must be present in small amounts, at least in wheat roots. 
The necessity for a small amount of Mn indicates that the 
cations in the protoplasm do not act exclusively physically, 
i. e. by means of their effect on the hydration, the charge 
etc. of it, but also chemically, as links in metabolic processes. 
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Tiie work by Burstrom (1939 a) on tbe manganese effect on 
nitrate reduction shows that adsorbed Mn-ioiis also promote 
the reduction process. Lundegardh (1939 b) found Mii to be 
a catalyst in the fundamental respiration of the cell. This- 
catalytically active manganese seems to be only adsorbed, i. e* 
bound in the same manner as cations in a colloid. Burstrom 
found that the chemically active Mn was inactivated by other 
cations under circumstances identical with those observed in 
the exchange of adsorbed ions. It was found (LuNDEGARnH 
1939 b) that the effect of Mn starts shortly after its addition. 
The previously mentioned fact that the adsorbed Mn-ions 
influence the surface potential too, seems to indicate that the 
catalytic action is developed from Mn-ions in the surface of 
the cell. This assumption throws an interesting light upon 
the complicated structure and function of the membrane. 
Just the twofold action of Mn-ions, as regulators of the sur- 
face potential and oxidation-reduction systems, indicates that 
the membrane is built up of molecular complexes or large 
molecules, which take an active part in chemical processes. 
We seem here to meet with a real example of chemical pro- 
cesses in surfaces, which have played a certain role in the 
discussions of several workers in physical chemistry. 

Not only cations influence the electrical charge of the 
protoplasmic membrane at longer exposure. Anions, too, 
participate in the surface effects. Fig. 12 shows some curves 
from registerings of the root boundary potential in diluted 
pure acids. The HNOg-curve deviates decidedly from the 
coincident curves for HCl and H^SO^. Nitric acid has a strong 
eliminating effect on the potential. • Earlier experiments 
(LunuEGARDH 1937) show that the root respmation increases 
greatly in pure acids. In the following pages we shall see 
that respiration lowers the potential. This fact might be one 
cause of the dep^ressed course of the potential curves of pure 
acids, but it seems not to be sufficient to explain the spe- 
cific behaviour of roots in nitric acid. 

Among the acids tested was also boric acid. Detached 
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rootSj whicLi had been Seated 20 hours with 10”““^ m H0BO3, 
showed in 10"'^ n HCl a potential of —49 111 v, while controls, 
which had been treated with aqua dest., showed —67 mv 
(average of 8 measurements). Pure acids of cH == 10""^ 11 
usually have a slightly lowering effect on the potential of 
the root tip, if the roots are treated with them for 20 hours 
(see also fig. 12). Owing to the low dissociation the cH-value 
of a 10~^ in HgBOg-solution is comparatively low, but the 
possibility cannot, of course, be excluded that part of the 
boron effect is a cH-effect. Por that reason the experiments 
were repeated with Na^BO^. A O.OOl n solution of sodium 
borate had a xdH of 6.88; a O.ool n KOI solution had pH ==6.78. 
When intact seedlings had remained for 42 hours in these 
solutions, the potential of the roots was determined in O.ooi n 
LiCh The boron-roots showed a potential of —67 mv, whereas 
the potassium-roots attained — 108 mv. In O.oool n HCi the 
values were — 59 mv and — 85 mv respectively. The conclu- 
sion is to be drawn that boric acid causes a decrease in 
the ZcH-value of the roots. These results are interesting, 
because boron belongs to the minor elements of presumptive 
catalytic action. I recall here the well-known fact that 
numerous investigations prove the necessity of minute 
quantities of boron for the normal growth and development 
of several plants, preferably leguminosae. 

Condtisions. The surface of the protoplasm — as investigated 
in roots of cereals, especially wheat — shows many analogies to 
the monolayers of fatty acids, lecithin etc. The exchange of 
cations for H-ions, the antagonism of cations and the effect 
of the adsorbed cations on the physical pi^operties of the 
layer are phenomena with many analogies. 

If the protoplasmic surface shows, in many respects, the 
character of a monomolecular layer, this layer must however 
be built up of molecules of different kinds. The observed 
electrical charge of the outer phase boundary corresponds to 
a maximum ZcH of c. 10““® n in the apical part of wheat 
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roots, and the constancy of this H-ion tension at LcH-values 
up to about the same figure prove the existence of molecular 
groups of high dissociation power, which are plotted as islands 
in a layer of noii-dissociated molecules. The maximum ZcH- 
value is at the same time an expression of the maximum 
exchange capacity of the membrane for cations. 

The number of positive valencies in the surface layer is 
presumably low in comparison to the ZcHmax value. 

All potential measurements, performed soon (in c. 2 minutes) 
after a change in the bulk phase refer to the surface layer 
of the organ. The slow change in the potential in certain 
solutions indicates, on the other hand, the existence of 
sublayers and chemical processes going on deeper in the organ 
— or possibly deeper in the surface cells. These processes 
can lead to a change in the surface layer, e. g. an increase or 
a decrease in the number of negative valencies in the B- 
boundary. The properties of the surface layer are there- 
fore not fixed and unchangeable but are partly a product 
of metabolic processes, e. g. respiration intensity (see below) 
unceasingly proceeding in the sublayer and in the bulk of 
the protoplasm. In addition to that, the changes in the 
physical properties of the surface layer, brought about by 
adsorption of ions of specific hydration etc., induce altera- 
tions in the layer itself. The » degeneration » of the layer, 
caused by the predominance of potassium ions, is an example 
of that. As a general reservation as regards interpretations 
of these slow changes in the behaviour of the surface layer, 
we must lay stress upon the fact that it is very difficult to 
determine whether a slow alteration is caused e, g. by a 
turning over of molecules (cf. Lakomuie 1939) within a 
monolayer, or by chemical processes induced in deeper layers 
of the cell or in underlying cells. The reservation also ex- 
tends to a possible collaboration of phase boundaries in deeper 
layers of an organ. 
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9. The mechanism of ion absorption. 

Investig*atioiis on tlie characteristics of the protoplasmic 
membrane described in the preceding chapter support the 
assumption that absorption of neutral salts is not a permea- 
bility problem in the old sense of this conception, but invol- 
ves ion reactions (ion » adsorption ») in the membrane. H-ion 
activity, maximum adsorption capacity and electrical potentials 
in the E-bonndary of the cells here reveal different sides 
of the same phenomenon: the chemical activity of the mem- 
brane. The first stage of the salt absorption is, according to 
this theory, the binding of ions in the membrane. 

Cations are adsorbed until an equilibrium is attained be- 
tween potential and exchange. The thermo-dynamical expres- 
sion for the equilibrium would then be that metallic cations 
are exchanged for H-ioiis, until the work in moving one 
metallic cation from the solution to the membrane is equal 
to the work in moving one H-ion from the membrane to the 
solution. The process is approximately represented by the 
following equations: 


and 

Thus 

or 


^ ET , ZcH 


ZcH = k • [LcM|-* (see p. 264). 


nF LcH 


i:. , 

— E = — In — 


nF LcH • 


( 7 ) 

( 8 ) 


The second equation is an empirical approximation of the 
cation exchange in solutions of c. 10~~^ down to c. 10”^ n 
(see p. 264). Equation (7) consequently gives the interrelations 
of cH and cM in the solution in resx}ect of their influence 
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on the cation adsorption. It shows that that 0-poteiitial 
depends on both the acidity and the salt concentration of the 
bulk phase and is lowered, if either of these increases. 

The 0-potential is an expression of the deficite in saturation 
of the cell surface with metallic cations. In normal nutrient 
solutions, the potential usually attains c. 50 — 60 inv, which 
corresponds to a ZcH value of c. 10"“® Because in wheat 
roots ZcHmax = c. 10~^, the neutral salts thus cause a partial 
neutralization of the pi’otoplasmic surface. One would expect 
that" an elimination of the rest of the 0-poteiitial would be 
brought about by ion exchange on the inside of the monolayer. 
But it seems to be a normal state for it to carry a certain 
negative charge. This fact points in the direction of metabolic 
processes being the cause of the persistency of the 0-poten- 
tial. The pihysical properties of the surface layer are also 
important, as the membrane seems to require a sufficient 
rigidity to resist the mechanical forces which the potential 
involves. We have learned that too much potassium in the 
membrane lowers its resistance. We return below to the 
discussion of potential and metabolism. 

The normally negative values of E being a reality, as far 
as roots of cereals are concerned, the conditions for the 
absorption of cations and anions from the bulk phase are 
fundamentally different. Whereas metallic cations in diluted 
solutions — a complete discharge of the membrane requires 
abnormally high concentrations (see fig. 5) — always move in 
direction of the potential gradient, the anions are repelled from 
the negative surface and an extra supph/ of energy is needed to 
overcome the resistance. 

This conclusion holds for all roots which, like wheat, are 
normally negatively charged in nutrient solutions. Oats and 
barley show similar ' ZcHmax-values as wheat. In rye a 
ZcHmax-value of c. 10""^ was determined. For that reason 
this cereal will absorb anions more easily than the other 

^ Potentials of this magnitude were also found in large cells (cf. Blikks 
192V, Jacques, 1936). 
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cereals. Theoretically one can imagine niicliarged membraiies 
or membranes with positive charges; it will in each individual 
case depend upon the activity of the acid components of their 
protoplasm. A normally positively charged membrane will of 
course attract anions and x'equire extra energy for the absorp- 
tion of cations. Further investigations will perhaps reveal 
the existence of such membranes. I call attention here to 
the works of Kkogh (1938) and Hup (1936) on salt absorption 
in the frog skin. Our present investigation is limited to the 
normally negatively charged, »acid» membranes of the roots 
of cereals. 

The charge of the membrane influences not only the absorp- 
tion of inorganic ions but also that of organic ones, e. g. 
dyes. Yamaha and Nomura (1939) have recently investigated 
the influence of neutral salts on the absorption of acid dyes. 
They are unable to give an exhaustive explanation of this 
phenomenon. From our point of view, it is however evident 
that the neutral salts depress the ZcH-value and consequently 
make the protoplasm more alkaline — or less acid respectively — 
so that the ions of the dyestuff are less hindered by a nega- 
tive membrane charge than in the absence of metallic cations. 
Yamaha and Nomura have also observed that the entrance 
of i^the acid dyes is supported by a rise in the LcH-value. 
Also in this case our theory provides the answer: The height 
of the negative charge of the membrane is determined by the 
ZcH 

relation log Every rise in LcH will therefore diminish 

the negative charge of the membrane, or respectively increase 
its positive charge, and thus remove or diminish the resistance 
to anion absorption. If the ions of a dyestuff are too large 
to enter the membrane through intermediate adsorption (ion 
exchange), the uptake will be absolutely checked in the dis- 
sociated state. This is the case with rhodamin, according to 
Deawert (1939). Both on the acid and alkaline side of the 
i. e. p. the absorption is zero. But the neutral molecules seem 



On absorption and accnmnlation of inorganic ions 303 

to be dissolved in the membrane substance and in that way 
enter the cells. 

For the right understanding of the absorption phenomena, 
it seems to be important to realize that, whereas the cations 
are exchanged for H-ions in the surface layer the anions too 
must he ahsorhed in a similar ivay, i. e. through exchange for 
OH'ions or other exchangeahle anions. An independent wan- 
dering of electrically charged ions is impossible: at each in- 
terphase, at a given moment an equal amount of anions and 
cations must be present. An exchange mechanism for cations, 
therefore, postulates an exchange mechanism for anions too. 
We concluded from potential measurements with salts of 
different anions that positive valencies are present in the 
membrane, whereas, in much smaller amount than the nega- 
tive valencies, ZcOHmax is presumably much lower than 
ZcHmax or: the exchange capacity owing to anions is much 
lower than that owing to cations. 

If there is equilibrium between the surface layer and the 
bulk phase, there will be no tendency for ions to enter the 
membrane or be expelled from it. This equilibrium will — 
in normal nutrient solutions according to our previous con- 
clusions — be characterized by a large amount of metallic 
cations (ZcM) in comparison with a small amount of hydrogen 
ions (ZcH), furthermore a comparatively small amount of 
anions of strong acids (ZcA) and hydroxyl ions (ZcOH). 
Owing to the always present carbon dioxide there will probably 
also be a very small amount of HCO^-ions adsorbed in the 
surface layer. This is the frst stage of ahsorjgtion. 

The second stage of absorption is the*further movement of 
the ions, which have been adsorbed by the surface layer, into 
the protoplasm and the pulp of the cell. All the cells of 
the absorption zone in the roots contain cell sap, surrounded 
by a protoplasmic layer. The salts are generally accumulated 
in the vacuoles. But in a compact organ, which is built up 
by thousands of such cells, there is a general movement of 
the salts absorbed in the epidermis cells, in a direction towards 
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the central vessels and further upwards through these. A 
group of cells in the region of young root hairs (see p. 286) 
will fiiiictioii as a »syinplast» (p. 251), and the accumulation 
of salts in the sap of the single cells will then be transitory. 
The aggregate of the cells will function as a bulk of living 
substance comparable to the protoplasmic layer in a single 
cell, which separates the outer diluted solution of nutrient 
salts and the more concentrated cell sap. The accumnlation work 
will be performed by the protoplasmic layei*, and schematically 
one can speak of the 0~level as the boundary between the 
nutrient solution and the protoplasm, and the I-level as the 
boundary between the protoplasm and the cell sap. In an 
absorption organ, like the root, the 0-Ievel is the large con- 
tact area between the solution and the epidermis, and the 
I-level is a more diffuse boundary between root parenchyma 
and central vessel system. Each single cell is probably 
integrated in a lax’ge accumulation and transport system but 
there seems to be no reason to doubt that the moving forces 
are the same as in the case of an isolated cell. 

If no accumulation at all existed, the above-mentioned 
equilibrium of adsorption in the 0-level would persist. Ac- 
cumulation work is necessarily connected with a continuous 
■disturbance in this equilibrium. If we apply the principle 
of membrane equilibrium to the protoplasmic surface because 
the acid components of the membrane behave as large, non- 
diffiusible anions (cf . K. H. Meyer 1936) the relations of anions 
and cations in the E-boundarj will be represented by the 
equation 

ZcH ZcM LcA^LcOH , . 

LcH LcM ZcA ZcOH 

58 • log C = — E mv at 20° (10) 

If LcH is put equal to 10"”'^ C is normally > 1 in roots, 
mostly = c. 10, corresponding to — E = c. 50 — 60 mv. In a 
neutral solution LcM == LcA the value of ZeA toill, therefore^ 
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normally he only c. ihOO of Ze3£, Assuming a low number 
of positive valencies in tbe protoplasmic membrane these 
will nevertheless be saturated with A-ions even at low salt 
concentration and a pH of 7. We return below to the 
question of LcH in nutrient solutions, which, according to 
the » self -regulation » of the roots, tends to a higher value 
than 10~h 

If LcM, LcA, LcH and LcOH are regarded as constant, 
which is approximately true in a flowing solution, a disturb- 
ance in the equilibrium, resulting in a further uptake of the 
salt MA, can be brought about by changing any one of the 
Z-components. If, e. g., M-ions move towards the I-level, new 
M-ions wiU be attracted to the membrane. An onesided 
aecimmlation of cations loill go on if acids are produced in the 
Llevel. Organic acids frequently invade the vacuoles, which 
normally have a higher cH than the bulk of the protoplasm. 
In the I-boundary there will be, for that reason, a tendency 
for the protoplasm to throw out metallic cations in exchange 
for H-ions, i. e. the reverse of what normally happens at the 
0-boundary. Metallic cations will be continuously removed 
from the surface layer and transported to the membrane of 
the vacuole. The mechanism of this interplasm atical move- 
ment is of course hypothetical, but microscopical and especially 
iiltramicroscopical observations teach us that particles move 
rapidly in all directions, even if no mass streaming of the 
protoplasm occurs. Pure diffusion would of course also trans- 
port the ions from one level to the other, but it would take 
more time than that which is actually observed for the ac- 
cumulation work. In the production of exchangeable H-ions 
in the I-level also the carbon dioxide, produced in respiration 
processes, takes part, so that bicarbonates are produced. 
OsTEUHouT describes a model for cation accumulation, in 
which carbon dioxide serves as acidifying agents at the 
» I-level 

The one-sided accumulation of metallic cations will cease 
as soon as the acid components in the protoplasm and the 
% 20 — 39498. Lanthruhsliogskolans Annaler, Vol. 8. 
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acids produced in tlie cell, or organ, or plant, are neutralized. 
Some cations, sucli as NH4 and Fe, disappear as ions, wlien 
they enter as components into organic compounds. Part of 
Ca and Mg is precipitated in inorganic or organic salts etc. 
But tlie majority of cations, especiallj" potassium and mucli 
sodium, calcium and magnesium, are accompanied by inorganic 
anions, accumulated from the 0-le?el. 

Also a number of anions enter the organism in the direc- 
tion of the diffusion gradient. Nitrate ions disappear in the 
formation of proteins, and similarl}^ with sulphate ions. In 
respect of nitrate the reduction clearly creates a very favour- 
able situation, because the acid is transformed into a base. 
Phosphate, on the other hand, is combined with organic 
radicals, but usually keeps its anionic character. Nevertheless 
inorganic phosphate is frequently accumulated, and the same 
is the case with chloride. Nitrate and sulphate are also fre- 
quently accumulated and transported as intact anions. It is, 
therefore, obvious that the living substance possesses a special 
mechanism, by means of which inorganic salts are moved 
against the concentration gradient. This mechanism very prob- 
ably acts also in those cases when ions are quickly transfer- 
red into non-dissociated compounds or ions of reversed sign. 
I mean that the accumulation mechanism will probably 
work independently of the direction or steepness of the 
diffusion gradient, simply as a mechanism for rapid transport 
of ions from one level to another. Observations on the 
accumulation and reduction of nitrate speak directly in favour 
of this assumption. 

Owing to the iom equilibrium in the phase boundary, the 
ion products in the surface layer will be equal to the ion 
products in the bulk phase. We postulate here a free mobi- 
lity of the ions in the exchange process and ideal conditions 
in general, thus unlimited space for exchange etc. In ideality 
the exchange capacity is limited, and we know little about 
the activity. The applicability of the Donnan principle is 
also connected to the assumption of free mobility of salt ions 
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within the membrane which is somewhat doubtful in the light 
of our experimental results (cf. p. 246). 


If ZcA 


LcA . LcH 
ZcH 


we find that the concentration of anions in the O-leyel in- 
creases when LcH increases. Consequently all circumstances 
which tend to increase the H-ion activity in the nutrient solution 
ivould promote the anion absorption. But this is not always 
the case (cf. p. 241). Another question is the cation absorption: 
It is a well known fact that a cation of high mobility, e. g., 
potassium, promotes the uptake of nitrate etc. (Lxjndegaebh 
1932, Bursteom 1934). A rapid cation absorption from the 
nutrient solution tends, of course, to increase LcH. Here we 
touch upon a fresh side of the accumulation problem: the 
rate of absorption. 

In regard to the cations, which, to much larger amounts 
than the anions, invade the surface layer and saturate the 
negative valencies in it, the rate of accumulation is fairly 
independent of the LcM-value, if convexions in the solution 
provide enough material. Potential measurements in salt 
solutions show that all kinds of cations are adsorbed, and 
that the power of adsorption increases with the charge and 
diameter of the ions. On the other hand, determinations of 
the gross absorption of cations in the plant show that ions 
of high adsorption power, e. g. Ca, are accumulated to a much 
smaller extent than ions of low adsorption power, e. g. potassium. 
The ion mobility in an electrical field thus seems to determine 
the transport and accumulation within the plant, and the 
transitory adsorption in the surface layer (= ZcM) is by no means 
a decisive factor for accumulation capacity. We have seen that, 
even in very dilnted solutions the cations invade the majority 
of the negative valencies of the membrane. The first stage 
of absorption accordingly represents an ^>over- 
dimensioned» availability of cations. This conclusion 
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kokls good in respect o£ single salt solutions or -welkbalaiiced 
nutrient solutions. In other cases the ion antagonism is 
probably capable of limiting the supply of elements by de- 
pressing this first stage of absorption. As regards the anion 
absorption, the total amount of adsorbed cations is the deciding 
factor. And the value I ZcM, which includes the whole assort- 
ment of adsorbed cations, will always be very large in com- 
parison to ZcH, if the plants grow in diluted solutions of 
salts of any kind. 

A factor which tends to augment LcBL is the carbon dioxide. 
All cells respire, and the expelled COg neutralizes as HCOg- 
ions a possible excess of metallic cations with rapid anion 
absorption. Also the acid HoCOg owing to its dissociation, 
directly increases LcH (Lundegardh and Burstrom 1933 a). 
Some investigators suggest the possibility of an exchange of 
the anions in the solution against HCOg-ions from the cell 
(OsTERHOiTT 1936). An exchange postulates a detachment of 
ions from the surface layer, but it seems doubtful whether 
the positive valencies in this layer are saturated by HCOg-ions 
instead of OH-ions, since the decidedly acid nature of the 
membrane restrains the dissociation of HqCOg. According to 
Shedrovsrt and Mac IxjnTes (1935) the first ionization constant 
of H^COg is 4.31 X at 25^ C (pKj = 6.37). The mfluence 
of the expired CO^ is prohably restricted to its entrance as an 
acid into the chemical balance. Earlier experiments (Lue-degardh 
and Bitrstrom 1933 b) show that the anion absorption is 
promoted by an artificial increase of the COg-content in the 
solution. 

10. The >amon respiration». Interaction of anions and 
cations. The coefficient k* 

In studying the relations between the respiration of roots 
and the absorption of anions and cations, Lunbegardh and 
Burstrom: (1933, 1935) established that the amount of absorbed 
anions showed a marked relation to the quantity of carbon 
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dioxide given off bj the respiration. Van Eiotk (1939) recently 
confirmed what he calls the ^^Litndegardh principle>>, i. e. a 
quantitative relation between salt absorption and respiration, 
and he criticizes the view advanced by Steward and Hoag- 
LAND that the respiration is only a sort of unspecific con- 
dition for the salt uptake. 


Fig. 17. Circulation vessels, as used for expe- 
riments in anion respiration, 15 seedlings are 
carried by a cork bolder b and the roots are sur- 
rounded by the salt solution in the container c 
(c. 100 cc). In most experiments the stalks are 
cut off above the seeds and the vessel is closed 
by a rubber stopper a. If air (or oxygen) is let 
in through g the hnhhles will escape through e 
and cause a circulation of the solution as indicated 
hy the arrows. 



Experiments on the relation between salt absorption and 
respiration were carried ont along two lines. In one series 
of experiments groups of seedlings were observed in parallel: 
the groups were placed in solutions of different salts of 
different concentrations (fig. 17). All other conditions, tempe- 
rature, air supply, illumination etc. were constant. The plants 
were grown under controlled conditions, and the usual varia- 
tions were eliminated by using groups of 15 plants for each 
experiment (see Lundegardh 1932, 1933, 1935, 1937). In 
other series of experiments the salt conditions were changed 
during the experiment and the effect was observed. In this 
case the influence of vainability from the individuals is excluded. 
Experiments as shown in table 6 were repeated several times 
(see also Lttndegardh 1937), always with the same results; 
1. if the roots are kept under otherwise constant conditions, 
the respiration is increased when the salt absorp- 
tion increases, e. g., owing to a higher concentration of 
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Table 6. 

Sait absorption and respiration. Groups of 15 plants 
in each experiment, m E — m i 1 1 i - e q ii i v a 1 e n t s. 
m M = in i 1 1 i m o 1 s. 



absorbed 

total respiration 

"i 

Salt 

i 

cations 

anions 

time 

0.0005 n KNOg 

0.060 mE 

1 0.076 mE 

0.305 mM 

0 — 2 hours 

jo. 0050 » » 

0.066 » 

0.159 

0.409 

2—4 » 

O.OOd n CaCNOj)., 

0.040 » 

I 0.086 » 

1 0.362 

0—3 « 

|aqua dest. 

— 

1 

1 0.249 

3—6 » 


the solution; 2. if the roots come from distilled water 
in a salt solution, which is not too diluted, the respira- 
tion increases when the absorption begins; if the 
roots come from a salt solution in distilled water, 
the respiration decreases. 

This general statement of a kind of quantitative relation 
between salt uptake and respiration is based on a very large 
number of careful experiments in this laboratory carried out 
during the past eight years. It was mentioned above that 
Steward, Hoagland and collaborators have not been able 
to demonstrate any quantitative relation between salt absorp- 
tion (accumulation) and respiration. They believe that aerobic 
»metabolism» is an unspecific condition for salt uptake, and 
their findings are limited to the statement that the uptake 
ceases if oxygen is excluded, and starts again if oxygen is 
supplied. Their failure to find a more quantitative relation 
is probably due to inappropriate material. It has already 
been emphasized how very important is is, for such experi- 
ments, to choose an object which is exclusively an absorption 
organ. All cells and all organs show aerobic metabolism, and 
if this fundamental respiration is too large in comparison with 
the oxidation processes, which are expected to be coupled 
with the salt absorption, the inevitable errors in the deter- 
mination of anions, cations and carbon dioxide will tend to 
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obscure the »salt respiration». Vai^t Eijk (1939) has criticized 
at length the experiments of Steward etc. (see also Ltjxde- 
gabdh 1940). 

Personally I avoid criticizing the results of other investigators, 
if I have not been in a position to repeat their experiments. 
As a general rule I think one ought to trust the reliability of 
published facts, if it has not been directly proved that the ob- 
servations are wrong. This does not seem to be Steward’s 
attitude. He criticizes, frequently and vigorously, the investiga- 
tions of Lxjxdegardh and Burstrom^ whereas he fails to repeat 
their experiments or thoroughly to study the papers in which the 
experiments are described. I do not greatly believe in the value 
of polemics. I have, for this reason, hitherto abstained from 
answering Steward’s attacks on my work. An article by 
Hoagland and Steward in Nature (1939) was answered in Nature 
(1940). Light is thrown on the polemical method of Steward 
(and Hoagland) in the following pages. 

Steward (1935) claims in a review that »Lundegaedh and 
Burstrom’s view that there is a special respiration component 
due to salts (anions) is not supported by any data of which the 
writer is aware If Steward (and Hoagland and collaborators) 
has not succeeded in the isolating of a component in the total 
respiration, wdiich is coupled with the salt absorption, this must 
not necessarily be due to mistakes made by Lundegardh and 
Burstrom. It may also be due to the inappropriateness of the 
experiments carried out by Steward and Hoagland (see also the 
criticism of van Elik, 1939). 

It is surprising when an investigator claims that his own 
results give » excellent evidence » (Steward 1935, p. 539) of the 
view that Lundegardh and Burstrom’s results are wrong, in spite 
of the fact that he has not tried to study their experiments. There 
are several examples of this strange over-estimation of his own re- 
sults and opinions in Steward’s publications. I confine myself to 
one more case. Steward (see Chandler 1939) has modified the 
method of Ramage for the spectrographical determination of 
alkali metals in extracts of plants. He describes his procedure 
briefly on two pages. Dates from which the accuracy of the deter- 
minations can be demonstrated, are not given. Steward claims, 
nevertheless, that »this method has obvious advantages over that 
used by Lundegardh» (Lc. p. 65). The LuNDEGARDH-method 
for quantitative spectral analysis has been described in detail in 
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a large number of publications (from 1929 to 1939) and is now 
employed in several countries. 

In striking contrast to his tendency to deny the value of the 
results of other workers stands Steward’s incomplete knowledge 
of the contents of the papers by Lundegardh and Burstrom. 
He claims, for example, (Steward 1935 p. 538) that Lundegardh 
and Burstrom (1933) presume »that salt absorption regulates 
respiration because entering anions require excess production of 
bicarbonate ». Lundegardh and Burstrom have never assumed 
anything of the sort. They have shown that a coupling exists 
between a respiration process in the roots and the absorption of 
anions. We do not know anything about bicarbonates in the 
roots. Bicarbonate in the solution which surrounds the roots is 
a phenomenon of secondary importance, which depends on the 
expired COg and the cation : anion balance in the solution. A 
direct exchange of bicarbonate ions, produced within the root, 
against anions in the solution is very improbable and in any 
case quite hypothetical. This question has been thoroughly 
discussed in the papers by Lundegardh and Burstrom. 

Hoagland and Broyer (1936 p. 490) admitted that »the 
objectives and technique of the two investigators (= Lundegardh 
and Steward) are so dissimilar that a comparison of results is 
of limited value ». Hoagland has unfortunately abandoned this 
moderate position and subsequently associated himself with 
Steward in his more unrestrained criticism (Hoagland and 
Steward 1939). Setting aside the polemical element in Steward’s 
and Hoagland’s publications, their results show that they essenti- 
ally agree with Lundegardh and Burstrom in respect of the fact 
that the salt absorption (accumulation) in plants is coupled with 
aerobical exothermical processes in the cells (= respiration). One 
of the fundamental differences between the two schools is that 
Hoagland and Steward look on the »salt respiration^ as an 
unspecific metabolic activity, whereas Lundegardh and Burstrom, 
on the basis of comprehensive series of combined experiments, 
have tried to go farther in the analysis of the processes involved. 
These authors showed in 1935 already that the respiratory pro- 
cesses, which are coupled with the salt absorption, can by means 
of different manipulations (varied oxygen supply, treatment with 
cyanide etc.), be separated from a more unspecific » fundamental 
respiration ». 

A second fundamental difference between Stewu\rd and Hoag- 
land and Lundegardh and Burstrom lies in the postulation of 
the former investigators that cations and anions are both similarly 
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related to the respiration. Hoaglai^I) and Bboyeb (1936 p. 490) 
»are emphasizing that respiration reflects energy exchanges essen- 
tial to accumulation by root cells of hotli cations and anions ». 
Luxdegardh and Bubstrom have found, on the contrary, that 
cations and anions behave diflerently in respect of absorption 
and respiration, so that the conception of individual mechanisms 
for their uptake is well founded. I have not found any data 
in the publications by Steward and Hoagland which vitiate 
this view. 

A third difference between Steward — Hoagland and Lunde- 
GARDH — BuTtsTROM is that the former authors deny any quanti- 
tative relation between salt absorption and respiration. Van Eijk 
(1939) refers to the »Lundegardh principle» when speaking of 
this difference. The Lundegardh principle involves that some 
quantitative relation exists between the two phenomena, but this 
relation is not of a stoichiometrical nature. A further charac- 
teristic of the relation may be gathered from Ltjndegarbh (1937) 
and the present paper, which throws fresh light on the question. 

In conclusion I would adduce the following with regard to 
the polemical methods of Steward and Hoagland: The fact 
that one investigator is unable to accept the 
results of another investigator must not neces- 
sarily imply that the latter’s experiments are 
unsatisfactory or that his conclusions are wrong. 
I consider that remark is of general significance. 

The experiments with large series of uniformly cultivated 
groups of plants, which were, under otherwise constant condi- 
tions, placed in solutions of different concentrations, were also 
repeated. Table 7 visualizes a series of experiments with 
potassium chloride. In experiment 1 the anion uptake was 
checked by a previous treatment with* KCN (see below). In 
the remaining experiments the variation in ion uptake depends 
on the general variation in the nutrition conditions of the 
groups. The most important conclusion from the experiments 
is, nevertheless, the fact that the respiration, measured 
as CO 2 given off from the root systems, increases 
when the ion uptake increases. If the values for the 
anion uptake are plotted as a curve, we get a nearly straight 
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Talk 7. 

Ion absorption an d respiration. 2 groups of plants 
(totalling 30 individuals) wereplacedin each solution. 
^Circulation vessels* were used. See LundegIrdh 
(1 9 3 3, 1 9 3 5, 1 9 3 7) a n d f i g. 17. T i ra e 6 li o u r s. A g e o f s e e d - 
lings 3 weeks. O .002 ni KGl solution (c. 100 cc in each 
vessel, 200 cc per 30 seedlings) in No. 1—3, 0. oo4 m i n N o. 4. 


i 

No. 1 

absorbed 

given off 

Ca 

total respiration 

K 1 

Cl 

1 

; j 

I 0.070 mE 1 

0.034 niE 

O.OO 6 mM 

0.6773 mM 

2 

O.067 » 

0.059 * 

0.0191 * 

O.^QS! * 

3 

O.084 » ! 

! 

0.088 * 

1 O.0202 » 

O.8306 » 

4 

0,160 » 1 

0.115 » 

1 0.0120 » 

0.9600 * 


line, the prolongation of which cuts the abscissa at some 
distance from origo (see fig. 18). This is the meaning of the 
empirical formula Et = Eg + k.A. As Van Eijk (1939) remarks, 
this formula ought to be supplemented by the introduction 
of a time factor, but for comparison of experiments during a 
fixed time this factor can be omitted. 

In the research work at this laboratory, we have always 
laid stress upon an accurate determination of both anions 
and cations. Our large collection of figures, visualizing the 
uptake of each category of ions, renders possible the plotting 
of the respiration values against them separately. This pro- 
cedure is the more necessary as anions and cations are seldom 
absorbed in equal amounts (see p. 239). In all our experimental 
series from the very beginning, the reader can readily observe 

XI, X -L XI 1 absorbed anions . 

that, whereas on an average the relation -7 is 

absorbed cations 

fairly characteristic for each salt, the individual variation is 
undeniable. This depends partly on the previous cation con- 
tent of the seedlings (see p. 256), and the variation of the 
cation uptake is frequently accompanied by a variation in 
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millimols NOjj absorbed 



Fig. 18. Experiments in circulation vessels, showing the relation between 
absorbed amounts of NOg and the intensity of respiration of the roots. 

exchanged other cations, e. g. calcium for potassium etc. It 
is feasible to charge the roots with cations (e. g. Na or Ca) 
and hence suppress a subsequent absorption of these ions 
from a solution of a single salt. 

In our table 7 No. 1 and 2 both show about the same K- 
ab sorption. But the Cl-absorption for No. 2 is about twice 
that for No. 1 . And the respiration here follows the anion 
uptake. In our earlier experiments we varied the cation of 
the salt and conducted series with NO 3 and Cl as anions. 

In order to demonstrate how unjustified were the strictures 
of Stew A ED and Ho a gland from the very beginning, I repro- 
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mil Mmols NO 3 absorbed 



i 1 1 1 1 1 

0 0.1 0.2 0.3 0.4 0.5 

milMmols COg given off 

Fig. 19. From Lundegaedh and Burstrom, 1933 b, table 1. The relation 
between respiration and ISTOg absorption in w'heat roots. Nitrate series. 


millimols cations absorbed 



Fig. 20. As in fig. 19. Nitrate series. Kespiration and absorption of cations. 


duce in figs. 19 — 22 the results of the first of Lundegardh 
and Bursteom’s series, published in 1933 (b). The figures 
of ion absorption and respiration are taken from table 1 in 



On absorption and accumulation of inorganic ions 


317 


millimols Cl absorbed 



0 0.1 0.2 0.3 0.4 , 

millimols COo given off 

Fig. 21. From Lundegaedh and Bukstrom, 1933 b, table 1. The relation 
between respiration and Cl absorption in wheat roots. Chloride series. 

millimols cations absorbed 
O.IO 


0.05 


0 0.1 0.2 0.3 0.4 

millimols CO 3 given off 

Fig. 22. As in fig. 21. Chloride series. Respiration and absorption of cations. 

the paper mentioned. Fig. 19 shows the -correlation between the 
uptake of ISTOg-ions from nitrates of JSTa, E, Ca and Mg and 
the total respiration of the roots. The NOg-values show clearly 
a » quantitative » relation to the respiration values. The cor- 
responding values for the cation uptake from the same experi- 
ments (see fig. 20) are scattered and no quantitative relation 
between cation uptake and respiration is to be discovered.. 
These experiments gave the first impulse to the theory of 
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anion respiration, and they show clearly that anions and 
cations enter largely independently of each other. 
The same will be seen from the chloride series (figs. 21 and 
22). In this case a faint parallelism can be traced between 
anion and cation absorption, but this is not surprising in 
view of our discussions on the total ion balance. In respect 
of the Cl-series too, the quantitative relation between respiration 
and anion absorption is evidently more prominent than a 
relation between respiration and cation absorption. The exten- 
sive further studies, published 1937 (Ltjxdegakdh 1937), give 
further, still more striking examples of the absence of a 
quantitative relation between cation uptake and respiration. 

Experiments on anion respiration can be varied in different 
ways. Ill some experiments the behaviour of the roots in 
nitrate and in bicarbonate of potassium was studied. One 
of these gives: 

0.002m KHCO 2 abs. = 0.204 mM COg evolution O.6047mM 
0.002ni KlSTOs = 0.204 » NO 3 abs. = 0.356 mM CO 2 

evolution 0.8836 mM. 

The X-absorption in this experiment was exactly the same 
in both cases, but the respiration was much greater, when, 
too, an anion, NOg, was absorbed. 

The predominance of the anions in determining the respira- 
tion intensity can be demonstrated in many ways. Table 8 
affords an example. Here, in two parallel experiments with 
KCl and KNO 3 approximately the same amount of cations, K, 
was absorbed. But from the XCl-solution 0.146 mM anions 
were absorbed, as against 0.356 mM from the KNOg-solution. 
The respiration, intensity was correspondingly larger in the 
latter case. 

An evident influence of the anions on the respiration is at 
last noticeable in table 9. The larger acetate absorption in 
hTo. 2 is reflected in a higher respiration value, whereas the 
cation absorption was somewhat smaller than Ho. 1 . 

Recent and earlier experiments thus support the conclusion 
that a coupling exists between the uptake of 
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Table S, 

Absorption for potassium salts. One group of 15 
plants in each case. Circulation vessels. Time of 
experiment, 6 hours. 


: absorlDed ! given off + + i 

RaU ! _ _ : i 

K 

Cl 

NOs ; Ca 

t respiration 
Mn 1 

0.002 n KC) 0.206 mM 
» KNO 3 I 0.210 » 

0.146 niM 

i 

1 

0.356 mM 

0.021 mM 

0.012 » 

; 

0.004 mM 0.744 mM CO^ 
,0.884 » » j 


Table 9, 

Absorption and respiration in potassium acetate 

(0.002 m). 


1 uci-i 

given off 

total respiration 




K 

acetate 

Ca 

1 . 

0.064 mM 

0.144 mM 

1 

0.014 mM ‘ 

0.835 mM CO.) i 

2 . 

0.044 » 

0.217 » 

0.014 » 

0.937 » » 


anions and the respiration. From the point of view 
of energy the augmentation of the total respiration, which is 
due to the anion respiration, represents a quantum of energy, 
which can support a very high accumulation. The work of 
accumulation can be calculated from the equation 

A = ” ( 11 ) 

Here Cq is the concentration in the solution and the con- 
centration in the cells, and in the organ respectively (bleeding 

0 

sap etc.). Calculating with a concentration gradient — of 100, 
which seems to be fairly normal, we get Jl. = 1,985 • 293 • 4.6 = 
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= 2 680 g'-cal, if T = 20° C. In the anion respiration of 
2 — 3-weeks old wheat seedlings, at least 1 mol COg is produced 
for each absorbed and accumulated mol anion. The coef- 
respiration in mols COg 
mols absorbed anions 

2 and for Cl, Br, J, SO4 more than that. The 
respiration material in the roots is glucose. 1 mol CO^ 

represents the combustion of 1/6 mol glucose, thus — = 


ficient Ic ■ 


ISTOg 1.5 to c. 


is usually even higher, for 


= 112 333 g-cal. This quantity is more than 40 times larger 
than the energy needed for the 100-fold accumulation of 
a salt. We know, on the other hand, that the plant leaves 
frequently contain salts or cations respectively, in concentra- 
tions which are np to 1 000 times higher than in the substrate 
(Lundegardh 1934 a, 1938 a). It is to be supposed that the 
transport from cell to cell involves very high concentration 
gradients, for the movement of salts in the organism can be 
very rapid. For that reason an energy relation between salt 
uptake and glucose combustion is not surprising. From the 
point of view of energy, it is of course quite unimportant 
whether the energy-expending process is coupled with the 
accumulation of anions or cations, or both. If the coupling 
exists between respiration and anion accumulation, the cations 
will be drawn in passively after the anions, as outlined above. 

For seedlings of wheat 2 — 3-weeks old, at a temperature of 
e. 18 — 20° C., the value of the coefficient h was fairly con- 
stant, if, e. g., potassium nitrate or potassium chloride solu- 
tions were used. Our series with potassium nitrate gave 
mostly and oun series with potassium chloride = c. 3. 

But these X^-values are by no means to be looked upon as 
stoichiometricaL I have shown in previous papers (1937) that 
Ic varies with the cations. Generally h increases with the 
decreasing mobility of cations, and the increasing ^-valties for 
different anions (NO3 < Cl < SOJ point in the same direction: 
The amount of respiration necessary for salt 
absorption is an expression of the amount of 
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work required for the absorption and accumula- 
tion of a molar quantity of anions in a unit of 
time. 

A few words will be needed to explain why also the anion 
respiration must be dependent on the cation absorption, in 
spite of the fact that the cations are spontaneously absorbed 
in the negatively charged roots. 

The normally negative electric charge of the O-boundary 
is an obstacle to the anion absorption, and the work to be 
done in order to overcome this obstacle must be xmoportional 
to the height of the charge. We have seen that sulphate 
ions produce a lower negative charge in the O-boundary 
than Cl-ions, and these a lower charge than NOa-ions. It is, 
therefore, surprising that more respiration energy is needed 
to absorb one mol of sulphate than one mol of chloride 
or nitrate, and that for coefficient h we get the series 
ISTOg < Cl < SO4. But the coefficient Tc is of course not 
only the indicator of the resistance for anion absorption 
in the O-boundary, but also for the further transport and 
accumulation within the root; this indicates a summation of 
the obstacle to the moving of anions, which depends upon 
magnitude, charge and hydration of the ions and acts along 
the same series, as above. 

Now anions will not move one-sidedly, but must, at each 
step of their absorption and translocation, be accompanied by 
cations in equal amount. H-ions are always present, but an 
accumulation of H-ioiis acts, electro- chemically, strongly at- 
tractingly upon metallic cations, because of the fact that a 
rise of the H-ioii concentration on the dinner side of a -phase 
boundary implies a negative electrical charge of it. By 
exchange of the H-ions with metallic cations on the other 
side of the phase boundary, the electrical charge will be 
eliminated, and this explains why metallic cations in 
a living tissue will always move against the 
highest H-ion concentration. An accumulation 
of inorganic anions by means of energy-expend- 

21 — 39498. Lantbmhshdgskolans Annaler. Vol. 8. 
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iiig processes will therefore always be accom- 
panied by an accumulation of metallic cations. 

If, now, the forwarding of metallic cations along the path 
of anion translocation encounters obstacles of any kind, the 
H-ion concentration at the I-boundary (== the place of ac- 
cumulation) rises. The result is a rise in the negative charge 
in the I-boundary, which, on the other hand, increases the 
amount of energy needed for the anion accumulation (see 
above). ThivS is apparently the reason why cations of high 
charge or large diameter indirectly raise the coeJfficient h. 
Such ions are certainly heavily adsorbed in the 0-boundary 
(see p. 266), but their mobility in an electrical field is slow, 
and this fact is no doubt decisive for the mentioned effect. 
Because of their slow mobility in the protoplasm and the 
tissues, the exchange of such M-ions for H-ions in the I- 
boimdary is retarded, and as a result the slow-moving cations 
will therefore inevitably -be an obstacle to anion accumulation. 

From what has been said here, it is obvious that the 
coefficient it does not give evidence of any 
stoichiometrical relations between the amount 
of absorbed anions and the amount of oxidized 
glucose. It is also evident that Ic is an expression 
of the total work performed in lifting anions 
from the 0-level up to the I-level and accordingly 
is also dependent upon the manner of transloca- 
tion (if the way is long or short) and upon the degree 
of accumulation etc. It cannot be expected that X’ should 
show any approximate degree of constancy unless the same 
plants, at the same ^ stage of development and at the same 
temperature etc., are always used. Van Eijk found much 
lower X-values for Aster tripoUum than our value for wheat. 
I have found that the X-values are lower for rye than for 
wheat. The X-values seem also to vary with the stage of 
development of the plant. 

The zone of most intensive ion absorption is the lower 20 
to 30 mm of the wheat roots. In the root systems of 2 — 3- 
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weeks old seedlings the long primary roots generally have a 
length of 10 — 15 cm. In oi-der to demonstrate the ion ab- 
sorption and respiration at different heights of the root system, 
this was cut into 30-mm long pieces, beginning from the tips 
of the longest roots. Table 10 shows the results. 

Table 10, 

Respiration and Cl-absorption in different parts of 
the root system of 2 — 3-vveeks old wheat seedlings. 
The root systems of a group of 15 plants were cut 
into three pieces and the parts were enclosed in 25 
cc flasks filled with a solution of O.ooim KCl -f O .0002 m 
CaCl 2 , saturated with oxygen. Duration of the experi- 
ment 40 minutes. After that time the consumed O 2 
and absorbed Cl were determined. 


O 2 : Cl 

i 

Respiration 

Cl-absorption 

7.1 

Zone 0 — 30 mm 

0.400 mM O 2 per hour and 0.056 mM per hour and i 


1 (tip zone) 

g dry weight 

g dry weight® 

3.8 

Zone 30 — 60 mm 

0.134 » » » 

0.035 » 

3.1 

Zone 60 — 90 » 

0.144 » » 

0.047 » » 1 


The experiment, which was repeated several times, with ihe 
same main results, shows that the respiration intensity per g 
dry weight attains its maximum in the tip zone. This is not 
surprising, in view of the intensive metabolism in the growth 
zone. The relation O^/Cl is rather high, which indicates an 
intensive fundamental respiration. The anion absorption 
decreases somewhat in the middle zone, 30 — 60 mm. Some 
roots were shorter than the rest and a small number of tips 
were therefore included in this zone too. The fundamental 
respiration is much lower than in the tip zone, so the bulk 
of the root parts no doubt belong to the out-grown tissues. 
The Cl-determination seems to show that anions are absorbed 
rather intensively also in the middle zone of the roots. In 
the oldest zone the Cl-absorption increases again, which is 
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probably due to the small roots of secondary order. The 
respiration is still much lower than in the tip zone. 

Of course, absorption figures from cut root pieces always 
suffer from one main error: the pumping mechanism (see p. 251) 
of the roots allows part of the salts absorbed from the solu- 
tion to escape again at the upper wound-surface, hence the 
true absorption values are lowered to an uncontrolled extent. 
Bubsteom (1939 b) investigated more closely the absorption 
for different heights of young wheat roots. He found a 
decided maximum in one zone close above the vegetation 
point, which includes the zone of young growing root hairs. 
This zone of maximum absorption seems to coincide with the 
zone of maximum negative electrical charge, as shown above, 
p. 284. 

The relation between the adsorption power of the anions, 
the absorption velocity of anions and cations and the respira- 
tion intensity was studied in a large series of experiments 
with chlorides, bromides and iodides of potassium. Acetate 
of potassium was also included in this series. See table 11. 

The experiments on which table 11 is based are of interest 
in several respects. From the point of view of experimental 
technique it is interesting to notice that the parallels corres- 
pond fairly well. Small variations are inevitable, for two sets 
of plants are never quite identical in behaviour, even if they 
are taken from the same culture vessel. Variations in the 
absorption power are certainly partly due to the fact that the 
upper 1 — 2 cm of the root systems are not submerged in the 
solution in the circulation vessels, and the size of this un- 
submerged part may ^ vary a little. Variations in the dry 
weight of the roots of identically cultivated plants might be 
caused by inevitable errors in cutting off the roots from the 
plants. 

A comparison of the different experimental series shows 
that younger plants with smaller roots generally give a lower 
GO 

quotient — : — . See No. 15 — 20 in comparison to 1 — 11. 

anion abs. ■ 
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Table 11. 

A bsor lotion experiments in circulation vessels (vo- 
lume 1 00 c c) with slowly moving s o 1 u t i o n, N o. 1 — 22, 
and in vessels with rapidly flowing solution (volume 
c. 2 000 c c), N o. 23—25. All figures refer to two groups of 
15 plants each. Age of seedlings 2-— 3 weeks. Tempe- 
rature 24® C. Salts in 0.002m solution (No. 1 — 22), or O.ooim 
(23—25). Duration of the experiments 6 hours. 


No. 

Salt 

absc 

potassium 

>rption 

anions 

total 

respiration 

COa 

anion 

i 

dry weight- 
g 1 

i 

anion ■ 

cation i 

i 

1. 

KCl 

0.206 mM 

0.146 mM Cl 

0.744 mM CO 2 

5.1 

1.52 ; 

0.71 

2. 


0.194 


0.142 


}) 

0.717 

» 

a 

6.1 

1.55 1 

0.73 : 

3. 

KBr 

0.1S8 

;) 

0.117 

» 

Br 

0.772 

» 


6.6 

1.24 i 

0.85 

4- 


0.122 

j) 

O.iio 



0.760 

» 

» 

6.9 

1.23 ' 

0.90 ; 

5. 

KJ 

0.084 

» 

0-055 

» 

J 

0.808 

» 

» 

14.7 

1.47 

0.65 

6. 

» 

0.098 

» 

0.062 



0.819 

» 

» 

13.2 

1.52 

0.63 

7. 

KCl 

0.122 


0.105 

» 

Cl 

0.802 



7.6 

1.49 

0.86 j 

8. 

KBr 

0.084 


0.128 

» 

Br 

0.920 

» 


7.2 

1.63 

1.52 1 

9. 

» 

0.092 


0.144 


» 

0.897 

» 


6.2 

3.56 

1.57 

! 10. 

KJ 

0.049 


0.069 


J 

0.847 

» 


12.3 

1.47 

1.67 

|ii. 

}> 

O.058 

» 

0.080 


» 

0.889 

» 


11.1 

1.34 

1.3S 

12. 

KCl 

0.158 

» 

0.123 


Cl 

0.843 



6.8 

1.25 ' 

1 0,78 

13. 

KBr 

0.163 

» 

0.110 

» 

Br 

0.847 

» 

ii 

7.7 

1.25 

0.67 

14. 

|KJ 

0.074 


0.074 


J 

0.780 


» 

10.5 

1.20 

1.00 

16. 

|kci 

0.206 

;) 

0.115 

» 

Cl 

0.581 

» 

» 

5.1 

1.06 

I 0.56 

16. 

i 

0.190 


0.121 

» 

» 

0.581 


» 

5.0 

1.01 

0.64 

17. 

KBr 

* 0.152 


0.07S 

>y 

Br 

0.401 

» 


5.1 

0.99 

1 0.51 

18. 

» 

0.156 

» 

0.075 

» 

» 

0.397 

)) 


5.8 

1.11 

0.48 

19. 

Ikj 

0.116 


1 O.054 

» 

J 

0.858 

» 

» 

I 6.6 

0.94 

i 0.47 

20. 

I . 

0.124 

» 

0.058 

s 

» 

0.383 

» 


6.6 

0.88 

i 0.47 i 

21. 

1 K-acet. 

O.L20 

;> 

I 0.254 

M 

Ac 

1 0.880 



3.5 

— 

1 2.1 

22. 

j » » 

1 0.104 

J> 

0.243 

» 

» 

1 0.895 

» 

» 

1 3.7 

j 

* 2.3 

23. 

KCl 

1 0.263 

J) 

0.193 

» 

Cl 

0.945 


33 

4.9 


j 0.73 

24. 

KBr 

0.280 


j 0.179 

» 

Br 

i 0.918 

» 

« 

5.1 

1 

1 

! 0.04 

25. 

KJ 

0.189 


1 0.079 

» 

J 

i 0.511 

» 

33 

I 6.5 



0.42 


Note. In experiments 12 — 14 the solution contained also O.oos mols of 
glucose. In all the experiments small amounts of Ca (c. 0.02 — 0.03 mM) and 
Mn (c. 0.002 — O.oos) were given off. The nutrient solutions in which the 
seedlings were grown contained ^Mn. 
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But tliis liigdier »effectivity» is counterbalanced by lower 

values for the quotient This is chiefly noticeable in 

cations 

the KJ-esperiments. 

The circulation vessels (see fig. 17) were constructed for the 
purpose of securing an appropriate motion of the solution 
(Lundegardh & Burstrom 1933 b, Lundegardh 1937). But 
experiments Nos. 23 — 25 show clearly that for maximum 
absorption a still more rapidly moving substrate is needed. 
Whereas in No. 23 — 25 only O.ooi m of salt was used, the 
absorption of anions is larger than the anion absorption in 
the circulation vessels, but not in relation to the respiration. 
Only iodide constitutes an exception. These experiments 
show that one must be very careful in generalizing from 
results of absorption experiments which are not made under 
comparable conditions. 

The ions of the three halogenes have about the same 
mobility in an electrical field (01=65.5, Br = 67.o, J= 66.5 
1a), but the adsorption in blood charcoal (see Preundlich 
1930) increases in the series 01 < Br < J. Judging from the 
behaviour of the series NO3 < 01 < SO^ (see p. 321) one would 
therefore expect increasing' X'-values. Table 11 gives only the 

relation it ig obvious that Br must have 

anion absorption 

about the same Z>value as 01, if the fundamental respiration 
is the same in both cases. Iodide, on the other hand, always 
shows a higher relation, the it'-value here must, mutatis mutan- 
dis^ be higher than for 01. I fear that the calculation of a 
^;~value will give a rather hypothetical result, because we do 
not know whether the fundamental respiration remains unaf- 
fected by the influence of the »unphysiologicaL anions Br 
and J. Some earlier observations give indications that the 
prolonged influence of ion uptake in solutions of single salts 
affect the whole metabolism (Lundegardh 1937). Our observa- 
tions on the special effect of unbalanced potassium solutions 
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on the protoplasmic membrane (see p. 289) have also demonstra- 
ted the complicated nature of the problem. 

CO, 

In table 11 we notice also the low quotient — in 

anion abs. 

respect of acetate, which indicates a very low adsorbtive power 
of the acetate ions. This is in accord with the effect of 
acetate upon colloids. In the present case the potassium 
acetate was to a' large extent dissociated. The fact that the 
anion and the cation are absorbed in very varying quantities 
shows clearly that the acetate is absorbed as ion, 
not as salt molecule. Table 11 demonstrates again the 
principle of individuality of anion and cation absorption from 
a single salt. 

Before we leave our table 11, one more thing ought to be 
discussed, I refer to the circumstance that the total respira- 
tion attains fairly similar values in all series with plants of 
the same age, whereas the ion absorption varies with the 
kind of ions. In experiments 1 — 14 the total respiration only 
varied between 0,717 and 0.920, whereas the anion absorption 
varied between 0.055 (for J) and 0.206 (for Cl). It looks as if 
the root system were characterized by a maximum respiration 
power and that, in solutions of sufficient concentration, this 
power was fully utilized. Owing to the larger work needed for 
the absorption of e. g. one J-ion in comparison to one Cl-ion, 
the maximum respiration power then only suffices for a smal- 
ler J-absorption. In rapidly flowing solutions the absorption 
seems to be promoted, and consequently the number of anions 
absorbed per time unit rises. The same result follows if the 
concentration of a slow-moving solution is increased. 

If glucose is supplied, the total respiration increases. In 
table 11 glucose (0.003 m/lit.) was added to the salt solution 
in No. 12 — 14. As a consequence the total respiration rises 
(the dry weight in No. 12 — 14 was 1.20 — 1.25 g and the total 
respiration 0.780 — 0.847; in No. 3 — 4 [Br] we have the same 
dry weight but a respiration of 0.760 — 0.772), but the 
increase is limited to the fundanaental respira- 



328 


Henrik Lundegi-rdh 


tion and is not accompanied by increased anion 
absorption. TMs fact was confirmed also by other experi- 
ments. Sometimes the anion absorption decreased with the 
supply of glucose, e. g. in the following experiment: 

0.005 m KNO 3 in 6 honrs, 0.216 mM K abs., 0.611 inM ISTOg abs., 
resp. 1.036 niM COg*, O.OOo m KNO 3 + O .02 m glucose in 6 hours, 
0.132 mM K abs., 0.426 mM hTO^ abs., resp. 1,239 mM CO 2 . 

These observations on the effect of glucose, supplied from 
outside the roots, fully confirm the theory of anion respiration 
as a mechanism which is quite distinct from the fundamental 
respiration processes. Earlier experiments have shown that 
the root systems of our seedlings, which were grown under 
18 hours’ illumination of c. 20.000 Lux daily, contain an 
amount of glucose, sufficient to maintain a constant total 
respiration during at least 6 hours (Luxdegardh 1937), If a 
surplus of glucose, supplied from outside, stimulates the funda- 
mental respiration, but not the anion respiration, this is prob- 
ably due to the fact that the normal glucose content is 
nob a limiting factor for the anion respiration mechanism. 
Only a restriction of the internal glucose supply will also 
affect the latter. Some experiments of this kind will be 
adduced below (p, 357). Btjrstrom (1939) found that isolated 
young, rapidly growing roots from germinating seeds do not 
absorb anions in measurable quantities, unless glucose is 
supplied from outside. As a further proof of the correctness 
of the anion respiration theory, he stated that, in absence 
of glucose, cations were absorbed almost normally 
whereas the uptake of anions was checked. Conse- 
quently glucose and respiration — are needed primarily 
for the anion uptake. The retarding effect of a large glucose 
supply to roots which have enough carbohydrates of their 
own is probably quite another problem, connected with sur- 
face reactions (see below, p. 256). The fact that the funda- 
mental respiration obviously does not proceed with maximal 
speed, even in roots which are connected with vigorously 
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assimilating leaves, but is capable of consuming also an extra 
supply of glucose from outside, is of course important in 
respect of the experimental technique. One must be very care- 
ful in comparing results from individuals or group>s of plants^ 
which exhibit differences in age or nutrition. The anion 
respiration comprises a larger part of the total respiration in 
yonnger root systems than in older ones. A calculation of 

^ anion respiration , i , 

h = — ^ — always pre-supposes a very uniform plant 
anion absorption - 1 

material. In summary, our previous and present investiga- 
tions render possible the following conclusions. 

1. The fundamental respiration of the root systems 
is the sum of aerobic processes, which proceed independently 
of ion absorption. This group of processes is remarkably 
insensitive to cyanide and cert ainmetallicpoisons 
(Lundegardh & Bxjrstroim' 1935). The fundamental respira- 
tion increases beyond the »normal» rate when glucose is sup- 
plied from outside. 

2. The anion respiration is rather sensitive to 
cyanide and is limited by the glucose supply, if this is 
lower than in vigorously growing 2 — 3-weeks old wheat seed- 
lings. » Normally » such plants seem to contain enough glucose 
for the maximum rate of anion respiration, and no further 
increase is caused by an extra supply of glucose. 

3. The anion respiration is coupled to theanion 
absorption: an increasing anion absorption is ac- 
companied by an increasing anion respiration and 
vice versa. In aerobic life the respiration can be measured 


CO 

either as COo or as 0^, because in the aerobic roots == 1 

(LundegIrdh & BtrESTRoir 1935). The coefficient Tc — 

anion respiration ^ i • 

~ — means on the other hand no stoichio- 

anioii absorption 

metrical relation between the anions and the respiration 
mechanism. 

4. The coefficient varies with the kind of anions 
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absorbed. It increases in the series (acetate) <^63 J 

< SO4. In 2— 3-weeks-okl, vigorously assimilating wheat seed- 
lings the I:-valiies for NO3 is c. 2 and for Cl, c. 3, if the 
root systems are sniTOunded by solntion up to c. 1 — 2 cm 
from the seed, h is generally an expression of the total 
absorption and translocation work fnllfilled in raising the 
anions from the O-bonndary to the I-boiiiidary. Therefore h 
must vary with the position of the 1-boundary and owing to 
that seems to be lower for isolated root tips and old root 
systems with many secondary roots. 

5. The coefficient h also varies with the kind 
of cations in the solution. It generally increases with the 
adsorption power of the cations, thus in the series Na<K< 

< Ca < Sr < Ba. 

6. Of a single salt the relation absorbed is usually 

cations 

approximately constant. If from CaCh more Cl is absorbed 
in a more concentrated solution than in a diluted one, more 
cations are also usually absorbed in the former case. But if 
the absorption of cations is checked by feeding the plants in 
advance with calcium, the anion respiration still proceeds in 
relation to the amount of anions absorbed. Consequently it 
is not the amount of cations absorbed that is the cause of 
their influence on but their mere presence in the solution. 

7. In distilled water the total respiration ex- 
ceeds the calculated value of the fundamental 
respiration. 

The only way to explain this strange s'emi-quantitative 
nature of the anion respiration and its modification by a 
number of accessory factors, seems to be to take an electro- 
chemical view of the problem. 

11 . Electrochemical aspects of the absorption problem. 

We have seen that the mere existence of cations in the 
solution regulates the surface potential of the absorbing organ. 
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Distilled water raises the potential to its maximum value. It 
was postulated that the entrance of anions requires an extra 
supply of energy to overcome the normally negative surface 
potential. We have assumed that this energy is supplied by 
the anion respiration process and that this process also works 
along the whole path of accumulation in the absorbing root 
system. On the electro-chemical theory of anion respiration 
it ought to be possible to demonstrate a causal connection 
between respiration and surface potential in the 0-bouiidary 
of the root system. 

A causal connection between potential of roots and respi- 
ration was found by Ltjnd (1928) and by Eosexe and Luxd 
( 1935). These investigators have treated the problem otherwise 
than I have. As mentioned above, they speak of a rise of 
the positive charge in respiration. Ltjxd and Eosene as- 
sume the potential to be a consequence of the respiration. 
This assumption is well known from the investigations on the 
electro-physiology of nerves. Luxn and Eosene have measured 
the potential difference between single zones of Allimn roots. 
As stated on p. 281, the charge in the 0-boundary of roots 
varies with the distance from the root tip and if one electrode 
is applied to the zone of maximum negative charge, i. e. 
c. 10 — 15 mm from the tip in 10 — 12 cm long wheat roots, 
currents of reversed direction can be induced by applying the 
second electrode either to the base of the root or to the tip. 
Furthermore, if respiration is promoted more in one zone 
than in another and we place the root in nitrogen instead of 
oxygen the result in respect of relative charge will be different 
when the zone of maximum negative eharge is most affected 
and when the base is so. We learn from this discussion 
that measurements of potential variations in single zones of 
a root have little value, unless the »topography:^ of the charge 
of the surface is known. In our experiments we treated the 
whole tip zone, including the zone of maximum charge, as 
a unit, because this zone shows a maximum of both ion ab- 
sorption and respiration. 
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A larg-e number o£ experiments was now started with the 
purpose of investigating the causal connection between aerobi- 
cal respiration and the potential of the absorbing surface of 
the root. 

The experiments were performed in the » potential vessels » 
(fig. 2). The plants, usually 3 — 5 seedlings, were held in 
position in the upper glass tube by means of dry cotton wool, 
so that the root-ends (25 — 30 mm) were submerged in the 
cylindrical container at the bottom of the vessel. The stalks 
were cut 1 — 2 cm above the seed and joined to a KCl-electrode 
by means of a cotton pillow soaked in O.Ol n KCl. By 
means of a tube and funnel the solution was poured into 
this container. At the bottom of the container was a tube 
for electrical connection to the KCl-electrode and a cock device 
for draining off the solution. Oxygen or nitrogen was in- 
troduced through a tube in the rubber stopper which closed 
the upper part of the vessel. Special experiments showed 
that ^the oxygen content in the solution (volume == 3 cc) was 
exhausted in a few minutes. By introducing nitrogen into 
the upper container, anaerobical conditions were soon attained. 
In some experiments the nitrogen was passed through the 
solution in order to accelerate the exhaustion of the oxygen. 
The nitrogen was carefully washed in alkalic pyrogallol solu- 
tions, in order to remove all traces of oxygen in the gas. 

All experiments gave the same main result: In the absence 
of oxygen, the negative potential of the submerged root ends 
increased; in the presence of oxygen the negative potential 
decreased. I restrict myself to a graphical representation of 
two experiments (fig. 23 — 24). In the first experiment (fig. 23) 
the roots were at first treated with oxygen: after the change 
to nitrogen, the potential rises. In the second experiment 
(fig. 24) the treatment began with nitrogen for 120 minutes. 
In 10~^n ECl a practically constant potential of c. — 50mv 
was obtained. After the change to oxygen, the potential fell 
to —36 mv in 60 minutes. 

These results are interesting also in respect of the »dege- 
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neratiiig' effect » of potassium in single salt solutions upon 
the surface potential (p. 290). This effect is retarded if oxygen 
is excluded. 

In the experiments illustrated in fig. 23 — 24, the gases were 
let through both the solution and the upper container. Similar 
results were obtained if the gassing was restricted to tbe 
upper container. The same was the case with experiments 
in which the solution was isolated by a layer of liquid 
paraffin. 

We have assumed that the 0-boundary maintains a negative 
electric charge, apparently caused by the ionization (dealt with 
in the preceding account) and the subsequent surplus of H-ions 
after the partial adsorption of metallic cations. The effect of 
the respiration wonld then, from the electr o-chemi' 
cal view -point, be a further elimination of H-ioiis 
due to oxidative processes. 

Experiments were also performed, in which potential and 
respiration were observed simultaneously. A few examples 
are repjroduced in fig. 25. The potential of the root ends 
(measured in the potential vessels, fig. 2) and the respiration 
were determined at intervals of 30 minutes. The respiration 
was measured as Oo-consumption. In other experiments the 
solution in the lower container (see fig. 2) was continuously 
emptied into a closed flask, and from time to time the O^- 
content was determined. The solution in the container was 
isolated by liquid paraffin and a special siphon device was 
used to effect the slow flowing of the solution through the 
container. See fig. 26. 

In fig. 25 the potential attains c, —50 mv (a 0.005 m solution 
of CaCla was used). The respiration in the first 30-minutes- 
interval is always low and rises after 60 minutes to a max- 
imum value. This speaks in favour of a start-effect: the 
high potential seems to be the cause and the stimulated respi- 
ration the effect. But if the stimulated respiration then causes 
a partial elimination of the negative potential, the potential 
curve must decline when the respiration curve rises. This is 
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mv 



Fig. 23. Time course of tke root potential in 10—^n KCl. After an initial 
period of c. 10 min, (^exchange potential») a fairly constant potential of 
— 50 mv endures in nitrogen. After 120 min. oxygen was let in, and 
the negative potential now decreases. 


niv Na 



Fig. 24. This experiment started in oxygen. After the change to 
nitrogen the negative root potential increases. 
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Fig. 25. Respiration (Oa-con sumption) and potentials of roots, wliicli were 
Feld in ^potential vessels». The irregularities of the potential carves refer 
to observations before and after the renewal of tbe solution. The dotted 
curve represents tbe O^-consumption in the intervals. As solution O.005 m 

CaOl .2 was used. 
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Fig. 26. A series of experiments with continuous flow of a O.OOl n KCl- 
solution. The 0.2-consumption and the potential was determined in 30- 
minutes-intervals as in flg. 25. The results show clearly a relation bet’ween 
decreasing negative (or increasing positive) potential and respiration. 
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I. 



Fig. 27. In these experiments the respiration (jB), root potential (P) and 
sinion absorption (A) Avere determined in 2-hours-intervals. I in O.0025 n 
KNOg and II in 0.0025 n The relation between respiration (P) and 

potential (P) is obvious. 

actnally the case in the experiments with oxygen. Of 
eonrse these experiments allow of no quite definite con- 
<3liisions, because of the impossibility of following the reci- 
procal behaviour of respiration and potential in detail. But 
the results fit into the general scheme of a kind of dynamical 
equilibrium between potential and respiration (see also fig. 
26 and 27). 

The electro- chemical side of redox processes has been eluci- 
dated by several investigators (Mighaelis 1933). Generally 
the redox potential is determined by the relation between the 
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oxidized and the reduced state of reversible equilibrium, ac- 
cording to the formula 


^ RT Ox 


( 9 ) 


Here E is the observed redox potential, Eo is a constant, and 
Ox and Re are the concentrations of the oxidized and reduced 
states respectively of the substance. This formula holds pro- 
vided that E is measured with blank platinum electrodes. 
A redox potential of the bind, indicated by the above formula, 
will not develop in a system of liquid electrodes. For this 
reason we cannot expect that redox pi'ocesses, proceeding in 
the living root (-cells), will directly inflnence the observed 
boundary potentials (cf. the critical remarks by Wilbbaxdt, 
1938, p. 251, on the ideas of Lxjnd and Rosexe, Leuthardt 
and Zeller, Beutner and Lozner). 

On the other hand a possible connection between redox 
processes in the cells and boundary potentials establishes our 
previous hypothesis that phosphate radicals are the carriers of 
the negative charge of the protoplasmic membrane. According 
to this hypothesis, which was developed on p. 275, organic 
molecules carrying phosphate radicals are plotted as » islands » 
in the surface layer at a distance of c. 1 molecule to c, 100 
molecules of a non-dissociated substance per square unit. 
The phosphate radicals are directed towards the bulk phase and 
bind H-ions or metallic cations, according to their negative 
charge. The amount of H-ions will then be dependent on 
the number per square unit of the negative radical and, ac- 
cording to onr previous experiences,^ also on the exchange 
equilibrium with metallic cations in the bulk phase. We are 
here primarily interested in the total number of negative 
valencies. If the phosphoric acid groups are involved in 
phosphorylation processes, connected with the aerobic respira- 
tion, a likely assumption is that an intensification of the 
oxidation will remove phosphoric acid groups from the surface 
layer. As a consequence the number of negative valencies 

22 — 39498 . Lantbrukshdgskolans Annaler. V'ol. 8. 
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will decrease witli increasing oxidation, and as a further 
consequence the negative electrical charge of the 0-boundary 
will decrease. This is just what we have observed. Our 
hypothesis of phosphoric acid groups as being the carriers of 
the negative potential of the protoplasmic surface layer is 
accordingly supported also by our observations of the relation 
between oxygen supply and 0-boundary potential. 

In the present state of our knowledge of these things, we 
are not able to frame formulae which reflect the whole com- 
plex of the processes involved in observed relations between 
surface potentials and anion respiration. It is nevertheless 
obvious that a chain of relations exists of somewhat the 
following kind 

f(|^)=f(2-n) = f(E) (10) 


(s!) 


is the aerobic respiration, which is connected 


with the anion absorption, iS'n is the sum of negative valen- 
cies in the protoplasmic surface, caused by hypothetically 
phosphoric acid groups, and E is the observed negative sur- 
face potential. This schematical chain of processes pictures 
the previously described experiments with oxygene and nitrogen. 
Further experiments will show that special oxidative agents, 


such as ascorbic acid, also increase 



and consequently 


give more positive (less negative) values for the surface layer 
of the root. 

Some observations jnade by Shreber (1939) sup])ort the 
theory. He found, in agreement with earlier experiments with 
bacteria, that vegetable cells show negative charge at cata- 
phoresis (see also Stern, 1924, p. 24). Also animal cells show 
mainly negative charges. If the redox potential in red blood 
cells is lowered, the cataphoretic potential is also lowered. 

If, now, the potential of the 0-boundary is in some way 
related to the anion respiration mechanism, the system 
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will tend to an equilibrium. Provided that the equili- 
brium prevails at the potential Eor the anion respiration “will 
be promoted by all values which are more negative than Eor^ 
If this assumption is correct, the potential will not only be 
dependent on the oxidation power, but a change in the poten- 
tial will reciprocally influence the intensity of the anion respira- 
tion mechanism. 

Here we will first call attention to earlier observations, 
which now find their explanation. Already in the first ex- 
periments of Luxdboardh and Buesteom (1933 a) we observed 
that distilled water gives higher respiration values than the 
calculated ones, or, in roots poisoned by cyanide, than observed 
values for the fundamental respiration. Potential measurements 
on roots in distilled water — containing minute traces of 
conducting ions — give very high values, up to 150 — 180 mv. 

lO""^ 

Theoretically wheat roots would give c. 58 . log = — 232 mv, 

but, owing to causes mentioned on p. 250 a. 267 , somewhat 
lower values were obtained. According to equation ( 10 ) this 
high negative potential in the 0-boundary will induce an 
accelerated respiration. This is perhaps an acceptable explana- 
tion of the » extra respiration» in distilled water. But other 
factors might perhaps intervene, because the stability of the 
protoplasmic membrane must be disturbed in a medium which 
does not contain any cations. 

Among other earlier observations attention is also called 

to the fact that the coefficient I = respi rat^ 

anion absorption 

in diluted solutions than in more concentrated ones. We know 
from the preceding pages that the ZcH-ybIub and the AJj-value 
falls with the concentration in the solution. Consequently 
that part of respiration, which is induced by the surface 
potential, would decrease at the same time as the resistance 
to anion absorption decreases. I shall return to these obser- 
vations subsequently. 



340 


Henrik Lundegardh 


I sliall now describe a series of new experiments dealing 
with the application of an artificial potential gradient to the 
roots. 

If the root is linked in a short circuit b}" means of ECl- 
agar-electrodes, a cniTent flows from the cut base (-f) to the 
tip zone ( — ). 

In one experiment a current of 10 volts (from a storage 
battery) was applied in the reversed direction of this natural 
current. This caused a reduced minus-voltage, possibly a 
+ -voltage in the tip zone (always in comparison to the bulk 
phase). The experiment was performed in the potential 
vessels (see fig. 2). The root ends dipped in c. 25 cc O.ool 
niENOg, saturated with air. The solution was isolated by a 
layer of liquid paraffin. After 30 minutes the solution was 
renewed. In a similar vessel no current was applied to the 
roots. If the oxygen-consumption in the control is set = 100, 
the oxygen-consumption in the other vessel was only 64. The 
elimination of the negative charge of the roots, which in 
O.ool m KNOg amounts to c. — 70 to — 80 mv, thus lowers 
the respiration. Similar experiments with XCl instead of 
KNOjj yielded no definite results. 

An experiment with 0.005 m KNOg was made with the 
application of a current of 5 . 10“^ amperes (at 10 v) in the 
same direction as the natural current (see above). The 
result was a consumption of 124 O^, against 100 for the 
control. Also this result is in accord with our theory, be- 
cause the added current raises the negative potential of the 
O-boundary. 

For the further investigation of the relations between po- 
tential and respiration it is necessary to distinguish between 
fundamental respiration and anion respiration. Both of them 
are complete oxidation processes, with EQ = 1 at normal 
supply of oxygen (LundegIudh and Burstrom 1935), but 
apparently depend upon different enzyme systems, owing to 
the widely different sensitivity to cyanide (Lundegardh and 
Bursteom 1935) and to manganese (Lundegardh 1939 b). 
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I£ liigli sensitivity to cyanide is assumed as a criterion of 
haemiii catalysis, we can roughly characterize the fun da- 
mental respiration as a manganese catalysis and 
the anion respiration as an iron catalysis. 

Already the positive results in ENO3, seen against the 
back-gronnd of the indecisive behaviour in KOI speak in favour 
of the assumption that most probably the anion respiration 
is connected with the potentials. It is a well known fact 
that ISTOg-ions are absoi'bed in much larger quantities than 
Cl-ions. 

The electrical resistance in the circuit through the potential 
vessel is fairly high. It attains about 30000 ohms with a 
wheat seedling, the roots of which are submerged to 50 mm. 
High electrical effects, attained by the application of external 
currents, therefore require too high voltages. 10 v generally 
gave a current of 5 . 10~^ amperes. This current transports 
only 0.0015 milliecj[uivalents per hour (1 me corresponds to 
0.03 ampere-hours). In the normal anion absorption 
is at least 20-foid the quantity transported. The 
electro-chemical systems in the root which are responsible for 
the ion transport, must therefore work at very high voltage 
gradients. This seems to support the assumption of phase 
boundary gradients, because the transport distance is in this 
case very short, so that even voltages of some 50 — 100 mv, 
which are frequently measured in biological objects, might 
cause micro-currents of high density. 

If now the anion respiration is an expression of the work 
done in the anion absorption, transport and accumulation, 
experiments like those just described cannot be expected to 
allow of any definite decision. Nevertheless all experiments 
with KNO3 gave positive results (see table 12): an artificial 
increase of the negative potential in the 0-boundary decrea- 
sed the absorption of anions and increased the 02-con- 
sumption. 

The difference in absorption capacity of No. 1 and 2 is due 
to the plants being larger and more numerous in the former 
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Tal)lc 12. 


Respiration and anion absorption in KNO., al artifi- 
cial increase of the negative j) o I e n I i a 1 in the 0- 

b o 11 n d a r y. 


! 




L 

li 

Solution 

Current 

Current applied 

Controls 

! 


NO 3 absorbed 

Og consumed 

NOjj absorbed 

O 2 consumed 

1. 0.004 m 

1 . 10-4= 
(at 8 v) 

1 

0.0204 mK 

0.0335 luM i 

0.02G8 mM 

O.0325 mM 

2. 0.002 » 

6.10-^ 
(at 70 v) 

O.0012 » 

0.0094 » 

0.0012 « 

0,0084 « 

3. « » 

i 

1 . 10-4= 
(at 8 v) 

0.0080 * 1 

0.0303 » 

O.007(> » 

0.0270 » 


case. The experiments were performed in the potential 
vessels (fig’. 2). 

We see from the experiments visualized in table 12 that, 
according to the theory, the absorption of anions is retarded 
when the negative potential is increased by the application 
of a current in the same direction as the natural potential 
gradient (+ pole of the battery linked to the lower electrode, 
■— pole to the upper electrode of the potential vessel). But 
the respiration intensity is unchanged or even a little increased. 
This is also in accord with the theory, for an increased 
negative potential in the 0-boundary will have a similar effect 
to that of placing the roots in distilled water, thus inducing 
a stimulation of the anion respiration mechanism 
without anions. 


As a consequence of ‘this the quotient - rises with the 
intensity of the applied current; in No. 1 it is 1.0 against 


1.2 for the control and in No. 2 it amounts to 7.8 as against 
2.0 for the control. The astonishingly low value of the 
coefficient in the controls is probably due to the fact that 
only the ends of the roots, which have high absorption power, 
were submerged in the salt solution. 
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mv 



P'ig. 28 . Experiments witb 
the application of a nega- 
tive (npj;)er curve) or a 
positive current (lower 
curve) to the root system. 
The measuring of thex)oten- 
tials began immediately 
after the opening of the 
circuit. See the text. 


The root behaves as an acciimiilat or, if a current 
is sent through it. If the current flows in a reverse 
direction to the normal potentials, these are also reversed. 
As a consequence the current is increased, by about 30 % in 
30 minutes. When the external circuit is opened the root 
end shows positive charge, but this disappears very rapidly, 
so that the natural negative charge is restored within 2—3 
minutes. If the added current flows in the same direction 
as the natural potentials, the intensity of the current decreases 
in the course of an hour or so. Immediately after the opening* 
of the circuit the negative potential of the root end is very 
high, but in a few minutes falls to its normal value. See fig. 28. 
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These observations probably find their explanation in the 
circumstance that the biological phase boundaries are charged 
with metallic cations and H-ions. If the natural potential 
gradient at the 0-boundary (and at all subsequent boundaries 
in the interior of the organ) is artificially increased, this 
increase acts as an electrolysis process, i. e. H-ioris are 
accumulated. This abnormally high H-ion charge endures, of 
course, only as long as the current lasts. After the opening 
of the circuit the surplus is exchanged again for metallic 
cations, until equilibrium is attained. Observations also teach 
us that this restoration process is completed in about the same 
time as the exchange in salt solutions (about 2 minutes). See 
fig. 28. With the reverse direction of the current, probably 
an abnormal lowering of the H-ion concentration (increase of 
ZcOH) at the outer boundaries in the protoplasm occurs. As 
mentioned above, the effect of applied currents is of course 
a cumulative effect of all phase boundaries in the organ which 
also explains the high voltages obtained. The changes in the 
0-boundary are probably not very large, which explains why 
the ion absorption and anion respiration are not completely 
checked by a reversal of the charge of the whole root. 

The experiments with artificially changed potentials in the 
root system have shown that a rise in the potential 
differences increases the respiration, but de- 
creases the anion absorption. An artificial lower- 
ing of the potentials has the reversed effect. The 
changes in the respiration are comparatively 
small and of a magnitude which indicates that 
only the anion respiration mechanism is affected. 

These results throw an interesting light upon the nature 
of the » quantitative » relations between anion absorption and 
respiration. The fact that both these are reversely affected 
by the application of artificial currents supports the conclusion 
we drew from a discussion of the influence of cations on the 
X'-values and of the cause of the variation of h with the 
nature of the anions: The anion respiration is the 
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effect of a redox system, which is regulated by 
chemical components in the protoplasm, which, on 
the other hand, regulate the surface potentials.. 
Two circumstances influence these forces in the 0~boundary 
of the root system: firstly, the dissociation and the cation 
exchange in the protoplasmic membrane, and secondly, the 
movements of salt ions through the membrane. In distilled 
water we have only the first point to consider. The enduring 
high-potential induces a rapid oxidation. According to the 
theory, cyanide would check this »distilled-watei'-respiration», 
which frequently exceeds the fundamental respiration by about 
30 %. But it seems difficult to effect poisoning with cyan in 
distilled water, so the experiment has not yet been made. 
The second point refers to a large number of possible ion 
effects. We have already mentioned the general effect of a 
different mobility of anions and cations: If anions A"" move 
faster than cations from the 0-boundary to the I-boundary, 
this acts in the same direction as a rise in the negative poten- 
tial in the 1-boundary. Anions moving from the bulk phase 
into the protoplasmic membrane tend to diminish the amount 
of negative electricity in the former and to increase it (hence 
the negative potential) in the latter. The reverse will occur,, 
if fast moving cations are combined with slow moving anions. 
In this case the cations, which move faster, tend to lower the 
positive potential of the bulk phase and the negative potential 
of the 0-boundary. Potential measurements in salts with different 
cations and anions visualize only the exchange effect at the 
surface. It was found that in equinormal solutions the cations 
lower the negative potential in the 0-boundary in the following* 
series: 

Li < .K < Ca < Sr < Ba < lower negative potential 

and determinations of the mobility of the ions in a membrane 
and in the tissue of the plant give a completely reversed 
series. Similarly it was found that, in equinormal solutions, 
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the anions lower the negatiye potential in the 0 -boiindarj in 
the following' series: 

JSrOg < Cl < SO 4/2 < lower negative potential. 

The experiments with electrical currents show that also the 
redox system which we have called the anion respiration, 
really reacts to the presence of these ions in a manner which 
is to be expected from equations (9) and (10). 

Eo in equation (9) is the charge of the 0-boundary, caused 
by the whole complex of native acidity (» dissociation states) 
and primary ion exchange. Eq varies according to the kind of 
ions, as shown in the series just mentioned. Eq acts as a 
barrier to anions, even if it cannot be assumed to be an absolute 
barrier, but only a »brake» on anion absorption. Eq on the 
other hand, is an accelerator for cation absorption. 

Proceeding with our working hypothesis, we can imagine 

the system I as built in bilaterally between two phase 

boundaries, the outer 0-boundary and the inner I- boundary. 
At the 0-boundary the oxidation phase predominates, causing 
a rise in the positive charge (== a decreased number of nega- 
tive valencies), at the I-boundary the reduction phase predomi- 
nates, causing reversally a fall in the positive charge (== a rise 
in the number of negative valencies). A number of facts 
speak in favour of this hypothesis: We know, as mentioned 
above, that the oxygen concentration falls from the 0 - to the 
I-boundary; we know that membranes or boundaries exist in 
the living tissue and also in the cell; and we know from 
potential measurements that a gradient from more negative 
at the O-boundary to more positive at the I-boundai'y exists. 
On the other hand, we do not know anything about the 
localization of the postulated boundaries beyond the assump- 
tion that the O-boundary is probably identical with the proto- 
plasmic membrane at the surface of the organ. 

Schematically the oxidation phase of the redox system which 
runs parallel to a decrease in 2n, acts as a mechanism for 
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the attracting of anions from the bulk phase in the 0-bouiidary. 

But the absorbed anions again raise the negativity of the 

membrane, promote again the oxidation etc. in an endless 

chain. This is from the vicAv-point of our theory the reason 

why a sort of quantitative relation exists between anion 

respiration and anion absorption. Under otherwise constant 

conditions, i. e. constancy of Eq, it seems quite feasible to use 

1.1 • X 7 anion respiration ^ t i x 

the coetricient Ic = —-7 ^ — . Our earlier determma- 

anion absorption 

tions of Jc in series with little variation in the concentration 
of the bulk solution also confirm the remarkable constancy of 
the /rvalue (see Lundegardh and Burstrom 1935, e. g. table 

6, p. 248, where Jc varies only±l%; Lundegardh 1937, 
table 6, p. 110, differences between Et observed (10 exp.s) 
and calculated varying on an average 4.8 % {Jc set = 2) table 

7, p. Ill, Eg calculated, differences for 12 exp.s on an 
average 13 %). 

If solutions of large concentration differences are used, 
the ^"-values are generally somewhat larger in the more diluted 
solutions and fall with increasing concentration. This is quite 
in accord with the theory, because, owing to the cation ex- 
change, — Eq varies with the salt concentration. As example 
I submit here one curve obtained with a KJSfO^j-series of 
tobacco. The higher absorption values here correspond to 
higher salt concentrations. See fig. 29. 

In one series with barley the following i5;-values were ob- 
tained (see table 13). 

If a series of experiments is performed with solutions of 
increasing concentration, beginning wjth distilled water, the 
negative potential is very high in the first experiments (about 
— 150 to — 180mv in dist. water) and then falls to about 
—40 mv in O.Ol m (cf. fig. 5). Apart from the ion uptake, this 
primary membrane charge will tend to induce an accelera- 
ted respiration in the lower salt concentrations (beginning 
with distilled water) than in higher ones. We then get a 
hypothetical curve like the P-curve in fig. 30. Taking only 
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the transport of ions into consideration, we get hypotlietically 
as an expression of respiration and anion accumulation, a 
straight line (A-curve in fig. 30). The resultant curve (AE- 
curve in fig. 30) will then assume a characteristic course, 
which, as to the upper part (higher respiration intensities) 
and as to the starting point (distilled water), is verified by 
experiments. According to this curve, the total respiration 
may be somewhat lower in very diluted solution af a salt 
than in distilled water, which was also verified by experiments. 

From this analysis of the complicated form of the anion- 
respiration curve we must conclude that a simple mathemati- 
cal formulation is not feasible. What is then left of the old 
expression Bt = Ha + h . A? 

We mentioned above that this expression still holds, if 
experiments with only small variation of the concen- 
trations are compared. In this case the number of im- 
ported anions regulate the anion respiration and a fairly 
quantitative relation, expi'essed in the coefficient /c, prevails. 
The expression Bt = E ^ ^ . A is nevertheless only an ideal 

limit, and its realization presumes not only limited variations 
in the concentrations, but also constancy in respect of cations. 
Changing of cations always influences the potentials more or 
less and also the il-values (Lundegaedh 1937). 

TP , anion respiration . , ^ 

it the relation ic = - — ; — — is taken as an expres- 

amon absorption 

sion of the work done in raising the anions from the 0-level 
to the I-level (see p. 319) h must also depend upon the 

quotient • Consequently a rise in c<> (= concentration of 

the salt in the bulk phase) will tend to dimmish 1c, The 
hypothetical A-curve in fig. 30 ought for this reason to bend 
upwards at the higher concentrations. For the sake of com- 
parison, some results of the analysis of the expressed sap of 
roots and bleeding sap from the cut end of roots are collec- 
ted. The analysis was made spectrographically in this labora- 
tory. Compared with the concentrations in normal nutrient 
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surface eqiiiv. salts 

potentials per liter 



Fig. 30. Diagram of tlie factors which are assumed to participate in the 
anion respiration. The ui-curve represents the approximate proportionality 
between the amount of accumulated anions (A) and the anion respiration 
This curve generally rises with the concentration of salts in the 
solution. Owing to the cation exchange the concentration of neutral salts 
on the other hand determines the surface potential of the roots (see the 
two scales on the ordinata). The relation between surface p(d;ential and 
respiration is visualized hy the P-curve. As a resultant of the Al- and the 
P-cnrves the J-P-ciirve represents the relations between absorption and anion 

respiration. 

solutions used in tliia^ laboratory, the root performs positive 
aceumiilation work, especially in respect of potassium, mag- 
nesium and manganese. It is interesting to notice that the 
bleeding sap is more diluted than the expressed sap, which 
seems to indicate that the maximum accumulation work 
is done somewhere on the way between the bulk phase and 
the central vessels in the root. If the concentration of potas- 
sium in the bulk phase is suddenly increased up to 0.03—0.05 
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TaUe 14, 

(Concentration of some cations in the root. A 1 1 f i g u r e s 
are in millimols/liter. 


Expressed sap . . 

K 

Ca 

Mg 

Mn 

28—49 

1.7— 2.8 

4 

0.6— 1.2 

Bleeding sap . . 

Y— 28 

O.C— 0.7 

0.1— 1.6 

— 

Nutrient solution 

1.9— 2.4 

1.5 

0.5 

— 


mmols, equimolarity between solution and root tissue will be 
attained. But, as mentioned on p. 306, this will very probably 
not mean an elimination of the accumulation mechanism, be- 
cause the latter is also an acceleration mechanism, 
which probably works positively even with hyperton ical bulk 
solutions. Otherwise the expressed sap gives only an average 
of the cation concentrations. The ions are probably far more 
concentrated at the active surfaces than in the mass of the 
cells or tissues. But the work performed in accumulation 
will theoretically nevertheless be somewhat less at high outer 
concentrations. An elimination of the accumulation mechanism 
is improbable also for that reason, because ions, not salt 
molecules, are absorbed. The exchange and transport of ions 
will always require special mechanisms. 

The new conception of the theory of salt absorption and 
respiration does not vitiate one of the chief conclusions of our 
earlier work, the existence of two different types of respiration, 
L anion respiration and 2. fundamejital respiration. The 
remarkable insensitiveness of the latter to a number of in- 
fluences which control the salt respiration, have been repeatedly 
mentioned. 

In this paper we have not dealt with the anaerobic anion 
respiration, which was discovered in the work of Lundegarbh 
and Burstuom (1935). The aerobic process predominates in 
the natural life of the plant. Anaerobic resx^iration 
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:seems to be a relief, if the aerobic life of the roots is tem- 
porarily checked, but it is probably soon stopped, as 
hydrogen acceptors for complete c a r b o h d r a t e 
•decomposition are accessible only in a very re- 
stricted amount. The polemics ofHoAGLANU and Steward 
against the work of Lundegardh and Burstrom is therefore 
quite ineffective also in respect of the anaerobic anion respira- 
tion. These investigators have apparently not been able to 
measure the small amount of anions, which really are absorbed 
during the first hours of anaerobic life, and Lundegardh and 
Burstrom have never pretended to assume that this 
limited power of anaerobic anion absorption is a 
process of any importance in the normal life of 
the plant. Nevertheless it is very interesting, from a theo- 
retical point of view, to see that in the living tissue still other 
xedox systems exist than the two dominant ones, which we 
have already discussed. 

In order to throw light on my opinion as to the anaerobical 
uptake of anions, I have collected in table 15 the results of a 
number of old and new experiments. In all these experiments 
the uptake of cations have also been determined, but the 
figures are omitted here, since they are not significant for the 
process. 

The experiments show clearly that even a diminished 02- 
supply considerably retards the anion-process (Nos. 1—4). A 
-complete exclusion of oxygen checks completely the absorption 
of chloride (Nos. 7, 8, 9 — 12), but allows measurable quantities 
of nitrate to be absorbed. This fact is probably due to the 
oxygen supply brought about by the nitrate ions. We know 
that the fundamental respiration is capable of absorbing the 
slightest traces of oxygen. Even under quite anaerobical con- 
ditions (in nitrogen without circulation) small traces of oxygen 
might come in or ai^e perhaps stored in the root system at 
the commencement. These traces are perhaps sufficient to main- 
tain a small reduction of NO^ (this process is coupled with 
the fundamental aerobical respiration). 
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Table 15. 

A !) s o r p t i 0 n of anions with different supplies of o x y- 
g e n or in pure n i t r o g e n. E x p e r i m e n t s I— 4 were made 
in 600 cc non-circulated solution, Nos. 5-— 12 w ere m a d e 
in circulated solution. Duration of e x e r i m e n t s in 
Nos. 1—4 20 hours, in Nos. 5—12 6 hours. 15 seedlings, 
2—3 weeks old, and grown up in ph oto-th ermostats, 
were used in each experiment. All experiments were 

duplicated. 


No. 

Oxygen supply 

Salt 

Absorbed 

anions 

Eeference 

1 . 

1.84 mmols/lit. 

0,00125 nKNOg 

0.324 me NO 3 

Ijundegardh a. Burstrom 1935 

2 . 

0.19 » 

» » » 

0.070 » » 

}> » » 

3. 

0.79 

» » KCl 

0.064 Cl 

» » » 

4. 

0.27 » 

» » » 

0.025 » 

» « 

5. 

circul. air 

0.002 n KNO 3 

0 

0 

0 

Lundegardh 1937 

6 . 

nitrogen 

» » » 

0.126 » » 


1. 

circul, air 

« » KCl 

0.071 » Cl 

» » 

8 . 

nitrogen 

» » » 

0.006 » » 

» » 

9. 

circul. air 

» » » 

0,081 » » 

New experiments 

10 . 

» nitrogen 

)) i> » 

O.ooo » » 


11 . 

» air 

O.ool » » 

0.070 » » 

» » 

12 . 

nitrogen 

» » » 

0.004 » » 

M >» 


The objections advanced by Stewabd and Hoagland (several 
papers) against the statements of Lijni)eoabi>h and Eubstbom 
as regards certain anaerobical anion respiration processes, is 
misleading and based on an incomplete analysis of the ele- 
mentary processes involved. It is a fact that with a restricted 
Og-supply certain processes are brought in, which are much 
more sensitive to KCN than any aerobical process, and which 
to some extent pi'omote the uptake of nitrate. These pro- 
cesses certainly ought to be studied more in detail, but they 
definitely ought not to be confused with the aerobical anion 
respiration, which dominates the normal absorption of salts. 
Everyone who has worked with roots of higher plants knows 
23 — 39498. Lanthruhshdgakolans Annaler, Vol. 8. 
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that these are, as a rule, very sensitive to a prolonged staj 
under aiiaerobical conditions. As an indication of the disturbed 
metabolism, organic acids are frequently given off from sneh 
roots. These facts show, more than any others, tliat the anion 
respiration mechanism is out of order. Further, anaerobic 
bacteria readily invade the experimental vessels, if care is not 
taken to work under aseptic conditions. 

Eeturning to the dominant aerobic processes, I am going, 
finally, to describe some experiments with artificial increase of 
the oxydation power of the root surface. I mention first one 
experiment with an oxidizing agent, ascorbic acid in very 
diluted concentration. Root systems were placed for two hours 
in distilled water d- about 1 mg ascorbic acid in 1 liter. After 
that time the root potentials were determined in 10““*^ m HCl. 
For the sake of comparison, similar plant groups were placed 
in 0.002 m K-phosphate and 0.002 m KGl. See table 1(). 

Tails 16. 


Potentials of root ends after treatment in different 
solutions during 2 hours. 


Treatment 

Koot potentials in 10““^ in HCl 

0.002 m K-Phospliate 

— 82 mv 

0.002 m KOI 

•—67 inv 

f 

0.1 ascorbic acid/litcr aqua 

1 

— 48 inv 1 


The experiments s^how that ascorbic acid has n, marked 
lowering effect on the negative potential of the root. This 
is in accord with the oxidation qualities of this acid, for an 
increase in the oxidation power according to formula (10) will 
raise the positive potential of the protoplasmic surface. Being 
an acid the ascorbic acid ought to change the ZcH valne a 
little (p. 298), but owing to the dilution (c. 10"“^ mols/lit.) this, 
effect is negligible. 
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111 other experiments the influence of ascorbic acid on the 
ion absorption was studied. In very small concentrations (O. l 
mg*/lit) the anion absorption was somewhat increased (c. 10 %), 
a result which is in accord with the potential measurements 
of table 16. The respiration was somewhat reduced in 6 hours, 
which is also in accord wuth the lower negative potential in 
the 0-boundary. Cation absorption was unaffected. 
In higher concentrations the ascorbic acid has detrimental 
effects on the growth (the root ends are finally bent sideways), 
and the ion absorption is also checked. See table 17. 

TahJe 17. 

Experiments with ascorbic acid. Basic solution O.002 
m KCl. Circulation vessels, streaming air. Duration 

G hours. 


Ascorbic acid 
added 

Cl absorbed 

K absorbed 

Total respiration 

0.1 mg/liter 

0.050 millimols 

0.0(37 millimols 

0.798 millimols 

1.0 

0.040 » 

0.01(3 » 

0.844 » 

lO.O » 

O.OlO » 

K emitted 

1.181 « 


In all experiments in table 17 controls without ascorbic acid 
were made. The rise in respiration corresponds to the in- 
creased total respiration in diluted acids (see Lunbeoardh 
1937) and is probably partly due to autolytic processes. In 
the highest ascorbic acid concentration, too, the acid nature 
ap|)eai*s (about mol). As a consequence, cations are re- 

moved from the root. The stimulated respiration might pos- 
sibly be caused by the oxydation pow^r of the acid, even in 
the toxic concentrations. But it is significative that mineral 
acids also cause a violent rise in respiration intensity. This 
is not in accord with the primary potentials, because these 
are lowered in pure acids, but is x:)erhaps due to the dis- 
organizing effect (cf. p. 246). 

Special observations on roots submerged for some time in 
diluted mineral acids, show that this causes a lowering of the 
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potentials below tlie primary values, whicli illustrates tlie 
assumed disorganizing effect on the protoplasmic membrane. 
We have demonstrated this effect in the time series in fig. 
12. Several other experiments, which are not here related in 
detail, support this view. Also in strong organic acids, e. g. 
indolyl acetic acid, a lowering of the potential of the root is 
observed. Pure acids thus act in the same general manner 
as potassium salts (p. 290), but more intensively. A biological 
antipode is calcium, which »conserves» the membrane, so that 
the negative potential endures. Manganese, too, has a »con- 
serving» effect (see Lundegaruh 1939). As a secondary effect 
of the pure acids then appears the abnormal stimulation of 
the -’fundamental respiration » and the induction of abnormal 
oxidation processes in injured cells respectively. 

We have seen that an oxidation agent, e. g. very diluted 
ascorbic acid, causes an expected decrease of the potential of 
the root. Another way of increasing the oxidation intensity at 
the root surface is to supply respiration material from outside. 
In table 18 some experiments are recorded dealing with the 

Talh 18 , 

Potentials of roots from plants held in solution s of 
glycerol, mannite and glucose. The solutions were 
aerated with pure oxygen. 


No. 

Bulk phase 

Duration of 
treatment 

Potential of root ends (20 mm, 
total length of cut roots 60 — 70 
mm). In No. 4—6 whole plants. 





in O.OOl m KCl 

in 10-4 HCl 

1. 

0.02 m glycerol 

2 

hours 

— 

— 53 mv 

2. 

0.02 m mannite 

2 



— 54 }> 

3. 

0.02 m glucose 

2 

» 


oo 

1 

4. 

0.02 m mannite 

1 


— 86 mv 

-92 « 

5. 

0.02 m glucose 

Va 


-60 « 

-64 >> 

6. i 

0.02 m. mannite 

2 

» 

-77 » 

— 55 » 

1 

0.02 m glucose 

2 


-73 ^ 

-46 » 
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addition of different carbon compounds to the bulk phase. The 
intact plants were used and roots then cut off for potential 
measurement. 

The table contains determinations both of whole plants, 
observed in the potential vessels (fig. 2), and of roots cut from 
the treated plants and observed in the apparatus fig. 1. The 
series Nos. 1 — 3, 4 — 5 and 6 — 7 are concordant in respect of 
the general results. Only glucose, which is apt to serve as 
respiration material, lowers the potential. Mannite and also 
glycerol, which are not combusted by higher plants, have no 
effect on the potential. The plants which were used for the 
experiments in table 18 contained less glucose than those 
which were used for the experiments of table 11. Table 19 
shows that, in the former plants, not only the fundamental 
respiration but also the anion respiration was stimulated. 

Tahle 19. 

Experiments in circulation vessels and streaming 
air. Duration 6 hours. Plants about 3 weeks old. In 
all experiments small amounts of C a and traces of M n 
were given off from the roots. Temperature 2 4° G. 
All figures calculated in millimols per 1 g dry weight 

of roots. 


Salt 

A. Plain salt solution 

B. 0.003 

m glucose added 

Anions abs. 

Total CO.^ 

Cations abs. 

Anions abs. 

Total COfi 

0.002mKCl 

0.065 Cl 

0.562 

0.127 K 

0.099 Cl 

0.677 

« KBv 

0.079 Br 

0.570 

0.180 » 

0.099 Br 

0.675 

» « KJ 

0.052 J 

0.615 

0.082 » ' 

0.082 J 

6.878 

« «KHCO« 

— 

0.513 

0.120 » 


0.825 


Table 19 shows that in this case (cf. p. 328) the anion ab- 
sorption increases with the supply of glucose. The increase 
for Cl and J is more than 50 % of the quantity absorbed 
without glucose. This is in accord with the increase in total 
respiration. On the other hand, this stimulation of the total 
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respiration is no doubt not restricted to the anion respiration, 
but also includes other oxidation }>rocesses. We observe this 
fact in the experiment with KHCO.{, which shows an even 
larger increase in total respiration than the experinients with 
halogene salts. Much more glucose is taken op by the root 
than is used for the increased respiration. Quantities of about 
0.2 mmols of glucose absorbed correspond to 0X0.2 —1.2 
mmols CO 2 , which is more than the whole total respiration 
and four to twenty times more than the increase in respira- 
tion brought about by the glucose supply. Even if we admit 
that a part of the glucose is used up by bacteria at the root 
surface and another part consumed in stimulated growth, we 
must conclude that the root takes np large quantities of glucose, 
wdiich are not completely combusted to CO^. Analysis of the 
expressed sap of roots shows that the acidity is somewhat 
increased, if the roots are fed with glucose. 

12. General discussion of the results. 

The present paper is an attempt to give an account of the 
results of eight years of experimenting in the mechanism of 
ion absorption in plant roots. A number of new experiments 
are also included, which, on different points, support the 
theoretical discussions. It is a difficult task, for all attempts 
to apply chemical-physical view-points to biological processes 
leave behind them several obscure (|uestions. On tlie other 
hand, the complicated nature of the biological processes ought 
not to discourage us from attempting to apply physical-cliemical 
pninciples. The complications are due to the multitude of the 
structural bases of life processes (cf, Erey-Wyssloo 1938). 
Structure ancl interfaces play an important role in the living 
cell. The cause of the fact that a complete combustion of 
sugar by means of enzyme systems has not yet been effected 
tn vitro is surely the circumstance that the chain of chemical 
reactions in the cell is distributed over a structural system 
which regulates the intimate contact between the intermediate 
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products of the reactions. The alcoholic fermentation also 
seems to postulate a » livings structure for its normal course 
(cf. Ohle, 1931). 

Ill respect of the uptake and accumulation of ions, which 
is one of the fundamental processes of the living ceil, the 
researches performed at this institute fully confirm the im- 
portance of structure. We have already referred to Bxjb,- 
stbom’s (1939 b) observations on the cessation of ion absorption 
in crushed roots. The fact that ion absorption is clearly related 
partly to surface phenomena (potentials), partly to oxidation 
processes which are in some way »polarized», shows that here 
a typical case of structural interaction in chemical processes 
occurs. The conception »structure» is not here intended to 
be synonymous with » living organization I believe that the 
» living structure» is only a special, though extensive, chapter 
of »cheinical structure^. The stoichiometry of the proteins 
etc. is very complicated and renders possible couplings and 
bindings between molecules which do not exist in classical 
inorganic chemistry. In addition, the special conditions on 
surfaces and interfaces tremendously augment the interaction 
of chemical and physical processes. 

The experimental basis for my conception of a theory of 
ion absorption and accumulation has been extended during 
recent years. This is the reason why the outlines of fhe theory 
have changed somewhat. A » working theory >> or a » working 
hypothe^sis» is only a necessary aid to continued research 
work. It fulfills our aim to look upon observed processes as 
the result of a mechanism which is built up within the living 
organism, and which it must be possible to analyse from a 
physico-chemical point of view. But everywhere we are only 
at the beginning, and our theories are always only provisional. 
Their chief purpose will be to stimulate further research work. 
My theory of anion respiration, which was developed in papers 
from 1933 to 1935, has nevertheless still retained the oiuginal 
principle that a certain quantitative relation exists between salt 
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absorption in living cells and organs and respirafion. This is 
th.e first principle of the theory. 

The second principle is the Jundamejifal difference in the 
ynechanism of cation absorption and anion absorption. This prin- 
ciple necessarily does not include the general postulate that 
absorption of ions always starts as an exchange of ions at the 
surface of the protoplasm (p. 269). But the fundamental dif- 
ference really appears in the fact that the exchange of a cation 
must occur at a different place from that of the exchange of an 
anion. Extensive series of experiments support this second 
principle of distinct mechanisms for cation and anion absorp- 
tion. In these experiments absorbed and exuded ions have 
been carefully determined and parallel measurements of the 
respiration have been made. The principle of the different 
absorption mechanisms is indirectly supported by potential 
measurements, which show that, generally, the ion absorption 
is not a simple diffusion process, but, as mentioned above, 
an exchange process at the surface of the protoplasm. 

The third principle of the theory is that the anion re- 
spiration is a process, which differs biochemically from other 
respiration processes (= fundamental respiration) within the 
cells. The anion respiration is rather sensitive to cyanide 
(Luxdegardh and Burstrom 1935), whereas the fundamental 
respiration is very resistent in this respect and also to cer- 
tain metallic poisons which affect the anion respiration. Fur- 
thermore the choking of the oxygen supply checked the 
anion absorption mechanism already at an Oj^-tension which 
enabled as much as 20 — 30 % of the fundamental respira- 
tion to proceed. Finally new researches have contributed to 
elucidating the biochemical characteristics of the two respira- 
tion groups: the fundamental respiration is partly a man- 
ganese catalysis, whereas the anion respiration is not in- 
flnenced by this metal. The high sensitivity of the latter to 
cyanide speaks in favour of the assumption that iron is 
the catalytical agent for this process (at least according to 
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]y£ii+'t' + 

WARBirRo’s views). Now tlie redox potential of is very 


high (— 1.5 volts) in comparison to 






Mn+- 
0.74 volts). This 


is perhaps the cause of the fact that the fundamental respira- 
tion is checked only at very low oxygen concentrations. 

The fundamental respiration is certainly the sum of several 
aerobic reactions, because some respiration activity is still left 
in roots which are free from manganese. On the other hand, 
the normally aerobic anion respiration seems not to be the 
only process involved in the anion absorption. Also in the 
absence of oxygen a reduced ion absorption occurs, accom- 
panied by anaerobic anion respiration (Luxdegardh and Bua- 
STROM 1935), which seems to be biochemically different from 
the aerobic process. This complexity of the metabolism does 
not detract from the importance of the proposition that there 
are at least tivo groups of aerobic respiration p>i'ocesses^ which 
dominate the normal aerobic life of the cells. 

The fundamental aerobic respiration in wheat roots implies 
— apart from the aerobic anion respiration — a complete 


combustion of glucose 




A super-normal supply of 


glucose from outside seems, on the other hand, also to cause 
incomplete combustions (see p. 358). The probable coupling 
between respiration and growth shows that quantities of 
glucose are drawn sideways into processes of very low energy 
gradient. 

Absorption and accumulation of ions involves osmotic work, 
which is expressed in the formula 


A = BT.hi^^ (of. p. 319). 

^‘0 


If the salt J/~*" . A” is accumulated, the work to be done 
might as well be directed only upon one of the ions, e. g. 
the anion. ^ The anion respiration furnishes the accumulation 


^ Theoretically it is quite possible that A might be related to the catioB 
absorption. Hitherto no case of » cation respiration» has been observed. 



362 


Henrik Lunclegardli 


energy A (p. 320). Starting from observed values of the rela~ 
(j c^lucose 

tioii --^7 ’ it is found that the actual energy which is 

c anions 

liberated exceeds the quantity A in the above formula. 

It is now to be expected that A is not only used for actual 
accumulation from the 0-level to the I-level, against the 
gradient -> Cq, but also for the acceleration of diffusion 
work, which proceeds in the direction of the gradient. Several 
authors (Mason and Phillis 1937, Grafts 1939, a. o.) have 
emphasized the rapid movement of solutes, including ions, 
through the plant. The fact, which is revealed by my own 
researches, that ions probably do not pass the protoplasmic 
membranes by diffusion, but by ion exchange reactions, also 
speaks in favour of the assumption that diffusion playvS a sub- 
ordinate role as a motoric agent. For this reason it seems 
probable that the mechanism for ion absorption and accumula- 
tion is also put in action if ions are to be transported in the 
direction of a diffusion gradient, e.g. in absorption from a 
rather concentrated nutrient solution or in the translocation 
of salts from the accumulation zones in the roots to other 
parts in the plant. If this conception is sound, no outstanding 
difference exists between accumulation and exudation of ions. 
In the former case, the movement proceeds in the direction 
Cq -•> cq, in the latter case in the direction The quantity 

of energy involved in the process will then be used primarily 
for overcoming the resistance in the membraues, hence, in 
accordance with the scheme of fig. 31, the gradient (q Crr 
{by accumulation) or -> Ca (by exudation). Tire levelling 
between Ca and oi\ Ca and (see fig. 31) might then be 
thought to occur in the direction of the diffusion gradient 


in the sense that a special energy-spending process is coupled with the 
entrance of cations into the cells or organs. If acids are produced in the 
metaholism, and as a consequence a one-sided cation ahsorj)tion is pro- 
moted vP* 305), this ought not to be confused with a true cation respira- 
tion, hecause the mechanism of entrance of cations in that case is the ad- 
sorption potential. 
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bj convection or ^directed diffusion» along molecular cliains. 
In accumulation it can be postulated that Ca — c \ , but in 
exudation Ca is always larger than c\. The difference between 
accumulation and exudation is then limited to the direction 
of the passage between the levels 0 and I. It seems to be 
of little use again to introduce the term ^'adenoid» (Overton) 
in order to indicate the translocation of a solute by means 
of energy-spending processes (see Collanuer and Holmstrom 
1937, who propose this term; Frey-Wysslino 1938), the 
more so as also certain presumed » permeability » phenomena 
have revealed themselves as energy-requiring processes (Arisz, 
1939). 

Q 

According to the formula A==i?r.ln ■ osmotical work is 

performed in the accumulation. We meet here the proximate 
relation between accumulation of ions and root pressure. It 
is not astonishing that a root pressure of several atmospheres 
has been measured in isolated root tips (White 1938). If 
salts are accumulated up to the concentration c\ within a 
cell or a group of cells, the hydrostatic pressure 

7t =• . RT 

arises at equilibrium. This is the pressure within the cell, 
which cannot be directly utilized for the root pressure, which 
is measured on the bleeding sap. The pressure of this sap 
refers to the free moving water in the vessels. The interpreta- 
tion of the root pressure as an osmotic pressui'e, which arises 
from accumulation work, postulates an excretion of salts 
into the vessels. The fact that the bleeding sap always contains 
considerable quantities of mineral salts (see p. 351; also Sabi- 
NiN 1931, Laine 1934) proves that a real exudation takes place. 
One can imagine the state of aft'airs in the root, in conformity 
with fig, 32, as a zonal accumulation and excretion. New 
analyses, carried out in this laboratory, showed a concentra- 
tion of 0.030 mols/liter (total ion content) of the bleeding sap 
at a concentration in the nutrient solution of 0.005 mols/lit. 
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Fig. 31. Scheme of accumulation (I) and 
excretion (II) in a living organ Z. 

See the text. 


Fig. 32. Scheme of the accu' 
mulation process within a root. 


At the same time the expressed sap of the roots showed a 
concentration of 0.060 mols/lit. or more. We get then the 
following scheme: 

medium root tissue hleedivg sap 

mols/lit. 0.005 0.050 0.030 

accum illation exudation 

The osmotic pressure of a 0,03 mols/lit. salt solution is c. 
1.3 atmospheres. But this pressure refers to the upper part 
of the aqueous pillar in the vessels. If the salts are given 
off chiefly in the basic parts of the vascular system, the con- 
centration, and consequently also the osmotic pressure, will 
be larger here. According to Sierp and Brewio (1935) the 
water is primarily absorbed in the zone of root hairs, hence 
in the same region as the absorption of salts, according to 
Bxjkstbom (see also Gregory and Woodporu 1939). The 
osmotic suction will therefore be considerably larger in this 
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region tlian in the upper parts of the vascular system, and 
magnitudes of the degree mentioned by White (1938) will 
appear quite feasible. Normally the pressure of the bleeding- 
sap is associated with » suction forces » from the transpiring 
leaves. 

Speidel (1939) recently found a quantitative relation between 
respiration and bleeding, and HENDEESOiir (1934) describes a 
parallelism between water absorption and root respiration. I 
imagine that the connecting link between respiration and water 
absorption is the anion respiration, which, by means of the 
mechanism that we have already analyzed, regulates the 
osmotic pressure in the lower ends of the vessels. If the 
oxygen supply to the roots is checked, the anion respiration 
is practically checked too, and a number of observations show 
that also the exudation of bleeding sap stops. 

The existence of an accumulation and an exudation of 
salts postulates an assymetry or a polarity of the »living» 
layer which performs the osmotic work. This is the reason 
why we have distinguished between an 0-level and an I- 
level. Permeability investigators have discussed the terms »in- 
trability» and » permeability » (Hoeler 1934). The former 
conception would mean the passage of a substance through 
the outer protoplasmic membrane of a cell. Permeability, 
according to Hoeler, would mean a passage also through the 
membrane of the vacuoles (see also Brooks 1938). It seems 
to be a common opinion among permeability investigators (cf. 
Prey*'Wyssling 1938, p. 154) that the membranes of the 
vacuoles are of a »tighter» structure, i. e. less permeable than 
the surface membrane. But it seems to me that these distinc- 
tions are not supported by facts of a more general bearing. 
In large cells of certain algae the protoplasmic layer is very 
thin; on the other hand meristematic cells have no common 
sap space. In respect of the accumulation in a tissue, a 
»symplast», the vacuoles in the single cells probably do not 
play any specially important role in the whole mechanism of 
accumulation. Potential measurements under systematically 



366 


Henrik Liindegardh 


varied conditions lead to the conclusion that the protoplasmic 
surface consists of one or a few layers of oriented molecules 
(Da^iielli 1936), of which the majority are either undissocia- 
ted or have their valencies protected screened by connec- 
tions with neighbouring organic molecules. Calculating with 
the actual cH of the protoplasmic surface and the known 
diameters of phosphatides and similar surface-active substances, 
one can draw the conclusion that only c. 1 % of the molecules 
in the protoplasmic surface extend negative valencies against the 
bulk phase. At normal LcH-valnes (c. 10“"^ to 10"“^’), the rela- 
tive number of positive valencies is probably of the magnitude 
O.Ol of the total number of molecules in the surface (p. 271). 

The assumption that the protoplasmic surface forms a 
mosaic of different types of molecules, of which the majority 
are undissociated or »screened», and some of positive, some 
of negative charge, is based on my own experiments and 
known experience of molecular structure and monolayers. The 
charged molecules probably constitute isolated groups, > islands», 
in undissociated surroundings (see fig. 3»3). 

The predomiziating negative charge of the protoplasm — 
which seems to be a general characteristic of it (p. 338) — en- 
sures a strong adsorption of metallic cations, even in very 
diluted solutions (see p. 258). While the interior of the proto- 
plasm, too, usually has an acid reaction (see Ppfjffeu 1929, 
Prey-Wysslixo 1938, p. 127), metallic cations will probably 
invade the bulk of the protoplasm. The importance of this 
fact for the consistency, stability etc. of the imotoplasm is 
frequently discussed in the literature, For tlie theory of ion 
absorption, the importance of this circumstance lies in the 
fact that the cations of the nutrient salts are always access- 
sible within the protoplasm for the maintaining of a pro|)er 
balance with anions which are formed in the protoplasm or 
are introduced into it from the outside, through anion respi- 
ration. 

The starting point for the I’esearches into the relation 
between the surface charge of the protoidasm and the anion 
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respiration was the establishment of a ^native charge^, called 
ZcHmax, which reflects the acid dissociation of the membrane. 
This ZcHmax causes a very high charge in distilled water 
(150 — 200 mv). In solutions which contain metallic cations, 
the charge is considerably lower, but even in complete nutrient 
solutions usually attains — 50 to — 60 mv. A charge of 
this magnitude is also significant for isolated large cells of 
algae (Blinks 1935, Jacques 1939). Such a negative charge 
must retard the absorption of anions. From experiments with 
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Fig. S3. Scheme of the protoidasmic surface. The hatched circles are the 
non-dissociated molecules. K are the positive, or negative »heads« of the 
dissociated molecules, which participate in the absorption of anions (A“) 
or cations (M+) of neutral salts. 


varied oxygen supply and varied salt concentration — and 
consequently varied surface charge of the I'oots — the elements 
of an electro-chemical theory for ion accumulation was de- 
duced. 

Originally the idea of a revei’sible electron equilibrium, ac- 
cording to the formula ^ 

Ox + Be 

(see Michaelis 1933, p. 25, 26) served as the back-ground 
for the theory (Lundeoae-dh 1939 a). 

It seems to be quite feasible to claim the existence of a 
redox system, the equilibrium of which depends, among other 
factors, upon the oxygen x>^®ssure, and that the anion res- 
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piration is such a system. It is no tise indulging* in vain 
speculations as to the org*anization o£ such a complex of 
reactive substances (enzymes + donators 4* acceptors etc. 4 
glucose), by means of which a complete oxidation of glucose 
(EQ=1) is obtained, but one can, a piori, postulate that 
the intensity of the oxidation phase is maximal at the free 
surface of the organ, where the oxygen pressure is maximal. 

Ox ...» 

If, therefore, — == Oor at the surface, then, in the interior of 


’Ee 


the organ, Oo 


— Oor 
■ lor, if 


is the symbol of the oxidation 
state in the interior. The surface and the interior of the 
organ thus form an electric element with the electromotorical 
force 

■RT 

E = ~[lii(Oor)-la(U] 
n Jb 


Because the living protoplasm lacks surfaces which can catch 
electrons in the same way as blank platinum electrodes, without 
immediately changing the charge into chemical energy, it 
is impossible to imagine a direct influence from such a system 
on the surface potential of the protoplasm (cf. p. 337). The 
redox system, on the other hand, will perforin chemical work, 
e. g. transport of ions against a diffusion gradient. And one 

of the tasks of the anion respiration seems just to be the 

transport of anions from the Odevel to the I-level. It may 
be indicated as a fact of considerable importance that a close 
relation between the oxidation intensity and the magnitude of 
the potential difference in the interface protoplasm : bulk 

phase exists. I have tried to arrive at a possible explana- 

tion of this fact: if the negative potential is caused by nega- 
tive valencies of molecules, which are in some way links in 
a chain of oxidation reactions, an increase in the oxidation 
intensity would reduce the number of these molecules, and 
consequently the negative potential. 

The electro-chemical theory of salt absorption is visualized 
in the diagram fig. 34. The long rods represent the organic 
molecules which carry the negative and positive valencies 
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respectively. In reality tlie » charged » molecules are separated 
by many »uncbarged» molecules, and the negative ones far 
exceed the positive ones. 

The charged molecular rods are thought to be coupled 
together end to end in a way similar to that generally ad- 
mitted for molecules of lecithin or fatty acids (cf. Bun gen berg 
BE Jong & Bonner 1935, Langmuir 1939, p, 22). A similar 
coupling in chains is claimed to be chai-acteristic of the main 
substance of protoplasm, according to Prey-Wysseing (1938). 
In the schematic figure it is assumed that this coupling in 
chains is extended continuously from the 0-level to the I-level. 
This is certainly not the case in a >:symplast» and scarcely 
even in a »nionoplast». Solid couplings between molecular 
rods cannot exist, owing to the streaming in the protoplasm. 
On the other hand, a kind of kinetic coupling, i, e. a transitory 
connection between long molecules, e. g. protein molecules, is 
quite feasible. These flexible molecular chains are probably 
of importance for the transport of ions, because they carry 
charged groups (e. g. CO OH or NH^), which are screened by 
inorganic ions. In this way ions may move very fast from 
one side of the protoplasm to the other, simply by jumping 
along such a molecular chain, as suggested in fig. 34. This 
is the same type of transport as that along a monolayer, 
which has been studied by Langmuir (1939), Adam (1930) 
and others. Even if the molecular chains are not at every 
moment completely continuous, the mere existence of such 
» running-tracks >> for ions will enormously promote transloca- 
tion within cells and organs. 

In fig. 34 the hypothetical redox-system, which controls the 
anion respiration, is schematically designed as a solution 
element. The chemical activity of this element would appear 
as an elimination of negative elementary charges in the 
0-level, and reciprocally the elimination of elementary positive 
charges in the I-level. Such a redox-element may in reality 
consist of chains of molecules or groups of molecules, along 
which an electron wave is forwarded. It is well known that 

24-— 39498 . Lanibrukshogsholans Annaler , Vol. 8. 
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Fig. 34. Scheme of the electro-chemical theory of ah-sorption and accumu- 
lation of ions. Further details in the text. 


haemin ix*on, in the shape of cytochrom (Keilin 1925, Yakushiji 
1935) or »respiration ferment » (Warburg), has been traced 
everywhere in vegetable cells, and in roots also. I have myself 
repeatedly proved the presence of an absorption spectrum of 
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Fig. 80. Scheme of the anion respiration. Rro, and Kox the reduced or 
oxidized stage of a hypothetical redox system, •^vhich controls the surface 
potential and the absorption of anions. 


a type similai' to cjtochrom in living* wheat roots. It seems 
possible, then, that a redos system is built in addition to 
snch haeinin molecules, even if these molecules, as the Japanese 
school thinks (Shibata, Tamiya), only function in oxygenation 
processes. The driving force of this system is glucose, which 
is normally supplied to the root cells from the leaves through 
the vascular system, together with oxyg-en, which is supplied 
from outside (see fig. 35). Eeciprocallj the molecular hydrogen 
(rll according to Clabx) decreases from the inside of the 
organ to the outside, because the equilibrium in the redox- 
system is displaced to the Ee-side at the I-level. The circle 
of cation absorption is outlined in fig. 36. 

The hypothetical redox-system (fig. 35) is thought to work 
along an O^-gradient and can therefore be conceived as being 
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J-leveL 0-level 



Fig. 36. Scheme of the adsorption and transport of cation.s. It is postuhe 
ted that cH is higher at the I-level than at the Odevcl. This is always 
the fact if the anion respiration endures, hnt can cHuaisioiiany be effected 
by internal production of acids (see p. 305). K~" is the hy])otheti(ial carrier » 
of the cations (.see the text). 

established everywhere, if such a gradient exists. But a 
polarity can of course be thought to arise otherwise too. 
Our scheme is only proposed as the starting-point for fresh 
investigations. 

This electro-chemical system is thought to tvork by means 
of displacements in the equilibrium at the levels 0 and I. 
The balance at the Odevel can be expressed by the equation 

_ [Ai„ _ 

[hT “ lA-G“ 

Here zo indicates the ion concentration of the protoplasm at 
the 0-level, and o indicates the bulk phase. If de- 

creases — which according to the theory is due to the anion 
respiration — [A."~]co i. e. the absorption of anions increases. 
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Tlie balance at the I-level is expressed by the formula 

[R+h _ [A-],- _ , 

[h+]7 [a-j;- 

Here si indicates tlie concentration of ions in tlie protoplasm 
at the I-level, and i indicates the place of accumulation. If 
[H+]s^ increases tlirou^li anion respiration (see above) anions 
[A“]i are accumulated. This is a very simplified assumption. 
The applicability of a simple membrane equilibrium is some- 
wliat doubtful (p. 306). 

The question arises why the mechanism, as sug'g’ested here, 
does not simultaneously transport cations in the reverse 
direction. One can here point to the fact that the decrease 
of interfacial potential at the 0-level (the decrease of [H"^ ];o in 
the formula) remains so limited that a real reversal from 
negative to positive potential does not occur. The protoplasm 
no doubt retains its dominating cation adsorption. If no 
organic cations are produced in the system, each anion transpor- 
ted to the I-level will therefore be balanced by one metallic 
cation which is liberated from the molecular tracks The 
object of the anion respiration — seen from the view-point 
of anion transport — seems to be the regulation of the ZcH- 
value to a level more suitable for the absorption of anions, 
without measurable screening of the cation adsorption. Through 
this process the absorption of mineral salts approaches the 
type represented by an isoelectrical adsorbent, e. g. charcoal 
(see Fueuxulich, 1930). 

The complicated nature of the accumulation mechanism is 
no doubt due to the circumstance that the positive and negative 
vahmcies, which bind the salt ions, as a first step in absorp- 
tion, are separated by a number of non-charged molecules. 
This mosaic structure would lead to the development of »local 
elements », i. e. local discharges between opposite groups, if 
electrons (ions) could move freely through the protoidasmic 
membrane. This is apparently not the case: free diffusion of 
ions through the protoplasmic membrane exists only to a 
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small degree {p. 261). Tlie development of -docal elements^-' 
is consequently prevented by tbe immense electrical resistance 
in the membrane. Owing* to these circumstances, ions of 
different charge are able to move along se])arate lines, nnole- 
ciilar tracks », which end with valencies in the surface of the 
membrane. This ion exchange will cause an apparent con- 
ductivity along the paths of ion movement. What I have 
outlined here is a kind of » structural conductivity^) of the 
protoplasmic membrane, and this idea seems to open up a 
possibility of understanding the fact that anions and cations 
are absorbed separately and also forwarded separately throngh 
the protoplasm. This new idea is only a further development 
of my previous (1935 a) assumption of separate >marriers» for 
cations and anions. The chemical nature of these » carriers)) 
is quite unknown, and it is even snperiluous to assume specific 
carriers, because molecular chains of the most varied natures 
will be capable of transporting ions. 

According to the foregoing discussion, accumulation and 
exudation are two sides of the same process. If the Idevel 
in fig. 34 is conceived as the outer limit of an exuda- 
tion organ, the outlined mechanism will function as an exuda- 
tion mechanism. A similar system seems to work in assimilating 
leaves, according to Arens (1933, 1936). In the leaves of 
aquatic plants potassium is absorbed at the underneath side and 
given off again from the upper side, according to the formula 
12 imC 03 -C,H,Ad “6 0, + 6K,CO, (see also Laubbero, 
1935). Brauner (1938) found potential differences in leaves 
in connection with light supply, and this also supimrts thi‘ 
conception of an accpmulation-exudatioii mechanism similar 
to that suggested in the scheme in fig. 34. Further research 
work is required here. In non-living systems also, light seems 
to induce potential differences (see Braxjner 1. c.). 

The coupling between ion absorption and respiration does 
not seem to be specialized to roots. Earlier work by Steward, 
Petrxe, Hoagland and collaborators (see Stewabi") 1935) 
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shows that storage tissue can also absorb salts and that this 
absorption is coupled with » aerobic metabolism ». Even in 
the animal kingdom, similar phenomena have been discovered, 
Hijf (1936) found that the uptake of 01“ in the skin of the 
frog is coupled with an oxidation process. According to 
him, the material for this » anion respiration » is probabl}' lactic 
or pyruvic acid,, not glucose. A further similarity between the 
phenomenon described by Huf and the anion respiration of 
roots is the circumstance that both are checked by KON, 
Potential differences have also been observed by Hxjf. 

The ion absorption through the skin of the frog has also 
been studied by Knoon (1937, 1938). He claims (1937 a, p. 755) 
that »a mechanism closely resembling Lundegardh’s is of 
widespread occurrence and of great biological significance in 
the animal kingdom ». In a later paper he studied the ab- 
SQrption of anions and cations in frogs, goldfish and the 
Eriocheir crab (Krogh 1938). He finds that also one-sided 
absorption of cations can be promoted by special, energy- 
expending processes. I have previously mentioned that a 
special cation absorption respiration would be necessary only 
if the charge of the absorbing surface is decidedly electro- 
positive in relation to the medium. I have also pointed out 
that, owing to the fact that the isoelectric point of the proto- 
plasm is usually on the acid side, the normal charge of the 
surface will be electro-negative, unless the medium has a very 
low pH or contains metallic cations in high concentration. 
But it might happen that special protoplasts, tissues or mem- 
branes develop a markedly electro-positive surface potential 
(hence negative potential of the mediiiim-electrode, cf. p. 260). 
We do not know anything about that. The mechanism which 
has been outlined in fig. 34, has of course a transport capa- 
city in both directions, as I pointed out above. If the ad- 
sorption capacity of the total protoplasm for cations is very 
low, but the capacity for anions is high (hence the reverse 
of the actual case in roots) this mechanism will no doubt 
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eject cations at the 0-level. And it will be the ta.sk of future 
research work to show whether conditions for the work of 
such » reversed anion respiration mechanism'^ are realized any- 
where. I will not omit to call attention to the fact tliat one- 
sided absorption of cations can be very siin])ly explained by 
the one-sided production of organic anions at the I-level (see 
p. 305 and fig. 36). If this anion-production is involved in a 
respiration process, a » cation respiratioii» can be conceived. 
HCOg-ions, too, can, to a certain extent, function as receivers 
of metallic cations. Krogh. (1938, p. 350) agrees with my con- 
ception of the absorption as an ion exchange and of » carriers:^, 
which transport the ions to the place of accumulation. 

According to the theory, roots with high ZcH,,, ax-value offer 
a higher resistance to the absorption of anions tlian roots 
with lower ZcHiuax-value. My exi.)erienee of different plants is 
not yet very extensive, but I have studied the four chief 
cereals in respect of ZcHmux of the lower part of tlie roots. 
Wheat has the value c. and similar values are obtained 


for oats and barley. Only rye shows a markedly lower 
value, c. ZcH„aax = c. 10"“^ according to a large number of 
measurements made in this laboratory. 

All experiment has now been made with the anion absorp- 
tion and root respiration of rye seedlings in comparison with 
wheat seedlings. The method of circulation vessds (fig. 17) 
was used. The solution was 0.0025 n KNOjj. After six hours 


... total resruration (CO.,) , ^ 

the quotient - - ‘ was 1.7. For wheaf the 

anion absorption 

same quotient was 3 — 4. Thus the total respiration of the 

, , , nr. ‘ i 1 anion n^spiration 

rye roots was below the coefficient k — . , . tor 

amon absorption 

wheat (usually = c. 2). In a O.ooi n KCl solution the relation 

total respiration „ -r ■, 

— tor rye was 2.1. In this case, too, the same 
anion resorption ’ ’ 

relation for wheat is above 3. These results evidently accord 

with the electro-chemical theory. 

A conclusion that the rye plant is more » economically » 
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constructed than wheat will perhaps be premature. It ought 
to be remembered that only a minor part of the energy ex- 
pended in the anion respiration is used up by the accumula- 
tion work (p. 319). According to Burstrom, the accumulation 
of salts is essentially confined to the zone of young, still 
growing root hairs (p. 284). The duration of life of the root 
hairs is limited, and a continued uptake of salts is therefore 
coupled with continued growth. A calculation of the amount 
of glucose consumed during the experiments, and the growth 
during the same time (see Lxjndegarbh 1937, p. Ill) shows 
that c. 30 — 60 % of the glucose must be transformed into growth 
mateiual. The assumption lies ready to hand that a part of 
the surplus energy during the anion respiration is confined to 
this growth material (see also Alten & Gottaviok 1939). 
From this point of view the rye plant is perhaps not more 
» economical >“ than wheat. 

The comparative studies of the ion absorption of rye and 
wheat were also extended to cover the cation: anion balance; 
for potential measurements resulted in a lower ZcH-value for 
rye in salt solutions too. The experiments with salt absorp- 
tion were performed both in solutions and in quartz sand.^ 
They will be published later. I mention here that the 

quotient attained values of 0.9 — 1.8, hence values similar 

to those for wheat. Genetically conditioned differences in the 
charge of the surface of the root system consequently allow 
of no conclusions as to the relation anions : cations. The 
primary adsorption of ions in the surface is apparently only 
one of numerous factors, which determine the total ion ba- 
lance. I have previously (Lundeoarjdh 1939 d) called atten- 
tion to the fact that the plant as a whole tries to maintain 
a certain general balance between inorganic anions and cations, 
for every deviation from a balance == c. 1 means an expenditure 
of energy necessary for the creation of organic ions (including 
HCO 7 ) to counterbalance it. Experiments with nutrient solu- 
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tions also sliow that each plant usually regulates the external 
pH-valiie in a certain way (usually in its own way keepino* 
it lower than 7) and that more of one ion is absorbed, if the 
amount of other ions of the same charge is reduced (Mo Ca'lla. 
and WooBFOKD 1938). In tliis general bahince between anions 
and cations the following chief factors are involved: 

A. factors which tend to increase the relation 

cations 

salts) in the medium. 

a. The negative charge of the root system, which causes 
a strong primary adsorption of metallic cations. 

b. Combination of fashmoving cations with slowly-moving 
anions (e. g. and SO^ ). 

c. Production of acids in the metabolism, which promotes 
the absorption of cations (p. 305). 

d. Carbon dioxide, produced by the respiration. Its power 
to regulate the external pH also depends upon the aeration 
of the medium, conformably with the balance [CO^ -h Hj^CO J == 
==KqP. Here P — the jiartial pressure of COo in the air. 

e. Organic or inorganic anions exuded from the roots. 
This seldom happens in aerobic life (anaerobically acids are 
given olf from the roots), but is observed* in. corn in the dark 
(Luttkus and B^Itticher 1939, Schmidt 1936; see also Aohro- 
MEiKO 1936) and in solutions of single salts with one-sided 
absorption of anions (see Lundeuardh, BirRsyndiM and Ikim- 
NERFELT 1932). Theoretically an exudation of anions in the 
medium ought to happen with repressed anion-respiration, in 
association with a high negative charge of tln^ root siuhice. 

B. Factors which tend to diminish the quotieiit 

cations 

in the medium. 

a. Low negative, or even positive, charge of the surface 
of the root system. ZcHmax is of importance here (cf. rye and 
wheat) and also the eliminating influence of the anion re- 
spiration. 
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b. Combination of fast-movino* anions with slow-movino* 

O C5 

cations (e.g. NO 3 and Ca), 

c. Transformation of absorbed anions into cations or their 

destruction as ions. Examples: SO 4 SH, 

d. Exudation of metallic cations. 

From this enumeration one can see that the composition 
of the nutrient solution, and partly also its aeration, influences 
the ion balance. It shows also why a good nutrient solution 
must contain a suitable assortment of ions, notwithstanding 
the nutrient value of some of these. An unsuitable composi- 
tion of the solution may lead to an irreparable lack of ba- 
lance (examples in Lundegaudh 1932 and Lundegardh and 
Burstrom 1933 a). 

The anion respiration is an im])ortant link in the general 
metabolism of the plant, but this is influenced by a large number 
of other factors too. The absorption of ions is physiologically 
coupled with the translocation of salts and glucose within the 
plant, and it is, therefore, not surprising that, e. g,, the car- 
bohydrate assimilation, and consequently the light factor, as 
also the transpiration, will influence the absorption (or exuda- 
tion) of ions too. In order to study the chief function of 
the root, viz. the absorption, of ions and of water, it is there- 
fore advisable to work with decapitated root systems, which 
have stored up enough glucose under constant growth condi- 
tions. But a comparison between the respiration of intact 
root vsystems and decapitated ones (see Lundegardh 1937) 
showed that intact seedlings, which are grown under constant 
conditions of light, temperature and humidity give practically 
identical results with decapitated systems. We have found 
in this laboratory that one cannot work well with plants 
which are more than three weeks old, or wliich have grown 
up in glass-houses under uncontrolled conditions. Hoaglaxi) 
and Broyer (1936, p. 491) apparently have not apprehended 
these facts, when they criticize the methods employed by 
Luxdegardh and Burstrom. The isolated root system works 
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fairly well as long as sufficient glucose, amino-aeicls and vita- 
min Bj are present (see also Bonner and Audicott 1937 and 
Bonner 1938). 

As stated above, tlie study of the interfacial potentials of 
roots promoted a new conception of the chemical and ])liysical 
nature of the proto])lasmic membrane. Dissociable substances, 
such as pliosphatides and fatty acids, cannot be assumed to 
be the chief constituents of the membrane. The hypothesis 
advanced by Collanber (1937) that the surface film is a film 
of lipoids, free of protein, cannot be accepted, if by lipoids 
phosphatides are meant. Owing* to the high dissociation 
power of phosphatides, these would only be present to an 
amount of c. 1 % of the total number of molecules in the 
surface (p. 272). The main substance of the membrane is no 
doubt noil-dissociable, e. g. fats or other substances of ester 
character (cf. p. 272 et seep). The orientation of the molecules 
ill strains perpendicular to the surface, causes a considerable 
resistance to water and dissolved molecules. 

Our results remind of Osterhout's conception of a Hion- 
aqueous layer» (see p. 236). The large cells of algae, for wliich 
OsTERHOUT and his school show a preference, remind us in 
several respects of the roots. Accumulation of salts, including 
a marked in-equivalency of anions and cations of single salts,, 
occurs in both. The normal surface potential (50 — ()0 inv) 
occurs in both. On tlie other hand, Osterhout and his colla- 
borators believe that salts are » dissolved » in the proto]>lasTn 
and that the partition coefficient water : ])rotoplasm deter- 
mines the absorption (see also Wilbranbt 1938). 

In the roots the absorption of salts is an active process 
and pure diffusion of salts through the surface seems to be 
of little impoi'tance, whereas this possibility cannot be com- 
pletely excluded. The revealing of the absorption mechanism 
seems to have proceeded farther in respect of roots than in 
respect of large cells of algae. A chief objection to the latter 
as objects of research is the compai'atively slow metabolism 
and the difficulty in following quantitatively the uptake and. 
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exudation of ions, as well as the respiration processes. The 
studies bj Warbueg and I^egelein (1920), on the other hand, 
show that it is possible to work quantitatively with algae 
cultivated under controlled conditions. Some of the results of 
these investigators reveal surprising* parallelisms to the be- 
haviour of roots of higher plants, viz. the lack of effect on 
the fundamental respiration of KCN, and the sensitivity of the 
absorption of nitrate to this poison (see Lundegarbh and 
Bursteom 1935, p. 242 et seq.). It therefore seems moi^e 
probable that the mechanism of ion absorption and accumula- 
tion is the same in the lower and higher plants, and perhaps 
also in the animal kingdom (cf. Keogh). 

I have just mentioned that the chemical nature of the main 
substance of the protoplasmic membrane is little known. 
If phosphatides or lipoids of similar character are present, 
they are certainly not the main substance. Nor can proteins 
be assumed to be main constitirents of the surface of roots, 
because their dissociation would give quite different potentials 
from those observed (see p. 272). In respect of the physical 
structure of the membrane, the conception of oriented mole- 
cules is supported both by physical studies on monolayers and 
by our investigations on the stability of the membi'ane (p. 267). 
The permeability of dissolved molecules is quite conformable 
with the idea that penetrating molecules must squeeze between 
the long tails of the membrane-molecules. Model studies on 
monolayers (Rideal and others, see p. 286) show that chemical 
interaction with these tails largely promotes the penetration. 
From this point of view »lipoid permeability » seems quite 
acceptable. 

The old idea of actual »pores» in the protoplasmic membrane 
has always been confronted with the difficulty of accepting 
an assortment of pores of very varying widths. Experience 
teaches us that there is seldom an absolute upper limit for the 
size of penetrating molecules. Differences in permeability are 
chiefly differences in the velocity of penetration. The existence 
of pores or holes in the membrane is a 'priori very improbable, 
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because tbe membrane is certainly not a solid, but a viscous 
liquid. A film of oriented molecules would function as a 
strainer with variable-sized boles. The resistance to |)eiietra- 
tion would be caused by the cohesion, viz. the attraction 
between the lipophilous tails of the oriented molecules. Large 
molecules would have a gTeater resistance to overcome in 
squeezing* between the tails, than small ones, and this would 
explain the different permeability coefficients and also the 
advantag-es enjoyed by lipophilous substances. It is a fact 
that also very large molecules, e. g. virus molecules, penetrate 
the protoplasmic membrane, and that would be impossible, 
unless the membrane had a considerable elasticity. Tlie nature 
of the force which drives such large molecules through an 
elastic membrane is still unknown. 

According to these conceptions as to the properties of the 
protoplasmic membrane, the penetration of non-dissociated 
molecules through the membrane is to be apprehended as an 
interaction with the molecules of the non-dissociated main 
substance of the membrane. In this case all the circumstances 
that influence the interaction, viz. » surface activity », » solu- 
bility in lipoids », magnitude, shape (dipols) and configuration 
of penetrating molecules, must also affect the degree or velo- 
city of permeability. Even small changes in the chemical 
composition of the main substance, which is probably a mix- 
ture of compounds, can affect this molecular interaction. It 
is therefore not surprising that so many different types of 
permeability have been found. By way of examiiles, I mention, 
here Schonpeluer’s (1930) and Hope’s (1933) rather different 
» pores » in Beggiaioa and PsalUota, in comparison to Mlioeo 
discolor, and Re8uhi?-’s (1935) conclusion that, for eggs of 
Fucus, the » lipoid theory » is more appropriate than the » strainer 
theory » (see also reviews of Collanjder, Wiebbanbt and others). 

According to our new conception of the protoplasmic mem- 
brane, the penetration of ions would not occur through its 
main substance. I have based this conclusion primarily on 
my own experimental expexlence, but a number of earlier 
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well-known facts also support it, e. g, how slowly the small 
ions geiierallj penetrate the cells in comparison to molecules. 
The possibility can not of coimse be excluded that, in special 
cases, ions of salts also penetrate the .main substance by »dif- 
fusion», and that in such cases the principles of » partition 
coefficients (Osterhout) etc. mig-ht be applicable. Here I 
have in mind chiefly experiments with abnormally high salt 
concentrations, which are used with plasinolytic methods. In 
this connection decisive importance would attach to a state- 
ment of diffusion potentials (p. 246). If diiffusion potentials- 
are not developed, as in the wheat roots, we must conclude 
that the ions must enter the protoplasmic membrane by means 
of exchange at the distinct points in the membrane which 
are carriers of free valencies. The >don permeability » will 
consequently be of quite a different type from the » molecule 
peinneability», and as a mile imply transformation of energy 
(»metabolic processes »). 

The distinction between two fundamental types of perme- 
ability does not necessitate the conclusion that intermediate 
cases do not occur. Here I have in mind large organic ionSy 
e. g. of dyes, which have a charged »head» and a considerable 
un-charged »tail». The head will tend to be attracted to the 
charged points in the membrane, and some observations by 
CoLLANJDER aiid HoLMSTROM (1937) ou the absorption of siil- 
phonic acid dyes seem to show that such large ions behave 
similarily to small ions, viz. need the cooperation of » active » 
metabolic processes. But the large tail will probably also be 
affected by the tails of the surrounding uncharged molecules- 
of the membrane, and as a consequence molecular forces will 
also intervene in the process of penetration. On the other 
hand, if the anion respiration changes the number of free 
valencies in the membrane, this will possibly also to some 
extent affect the liydratation etc. of the surrounding main 
substance. The field is here open to further research work. 

Changes in the charge of the membrane can also be brought 
about by changes in the bulk idiase (for roots and single cells- 



384 


Henrik Lundegardh 


= tlie nutrient solution). I have mentioned examples of, e. g\ 
the varying' stability and charge in single solntions of potas- 
siiiiii, ill solutions of calcium, in solutions with or witlioiit 
manganese etc. (p. 292 et seq.). These influences of tlu^ bulk 
phase on the membrane are partly of an indirect nature, e. g. 
the anion respiration, partly of a direct nature, e. g. the ra[)id 
interchange of cations and the influence of adsorbed metallic 
cations on the hydration, stability and viscosity of the mem- 
brane. To some extent the latter influences probably extend 
also to the non-dissociated main substance of the membrane. 
Such phenomena have frequently been described in the lite- 
rature, and I mention a few of them here. 

De Haax (1935) found that a number of salts (Na'NO.*, 
Ga(N' 03 )ij, Co(NH.j)^Cy reduce tbe permeability to wat(?r at 
low concentrations, but increase it at high concentrations. In 
one of my earlier investigations on permeability I liave sliown 
a number of such interactions of salts in the permeability' to 
water (LiiNnEGAEDH, 1911). Dk Haan believes in a paral- 
lelism to the behaviour of »autO’Complex-systems>^ of ])hoS" 
phatides which Bungenberg de Jong claims for the proto[)lasmic 
surface. Hluchovsky and Sekla (1933) also speak of an 
equilibrium between calcium and lecithin in the v>Hautsc}iicht» 
and support this view by experiments made by Pollack (i 928), 
who found such anions to be most poisonous to amoebae 
which precipitate calcium. Concerning the improbability' of 
large amounts of lecithin in the protoplasmic membrane, see 
above. The »astringent» influence of calcium, on the otlier 
hand, is frequently indicated from many (piarters (see also 
Sakamuba and Kakamori 1935) and is no doubt true. Tlie 
same is the case with the swelling action of potassium. 

Bivalent ions, such as Ca"'”'^ and Mil"*'"'', generally attract 
water molecules from the surroundings and consequently de- 
hydrate the membrane. The dehydration brings the molecules 
closer together and may, for this reason too, be the cause of 
the raised charge, which is a function of the number of valen- 
cies per unit of area. A denser structure also raises the sur- 
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face tension and tlie stability of the membrane, so that, e. g., 
higher charges will be tolerated (p. 250, 296). The reversed action 
of potassium is evidently caused by its weak attraction for 
the hydration water. A membrane in which the free valencies 
are chiefly saturated by potassium ions has a looser constitu- 
tion: the electrical charge is lower and the membrane probably 
does not resist high charges. 

The above-mentioned influence of metallic ions^ on the phy- 
sical properties of the protoplasmic membrane will presumably 
also affect the molecular permeability. Dellino hausen (1933) 
investigated the relation between the swelling effect of elec- 
trolytes and permeability of gelatine, cellophane and other 
artiflcial membranes. Schmidt (1936) found that the retarding 
influence of cations on the uptake of fx'uctose increases in 
the series K < JSTa < Li < Sr < Ba < Ca. This is not a re- 
gular Hoemeister series, a circumstance which points to se- 
condary effects of the ions. The remarkable antagonism between 
K and Ca is again obvious. According to Schmidt different 
species behave differently in respect of permeability changes. 

Besides of the reaction on the density of the surface layer 
the ions seem to have certain effects on the chemical constitu- 
tion of this layer. In this connection the observation that 
boric acid increases the negative charge (p. 298) is interesting. 
Also the remarkable effect of very small concentrations of 
manganese salts (Lundeoardh 1939 c) on the charge ought 
to be noticed. It is perhaps worth mentioning that both Mn 
and B have catalytical effects in the cells. Boron enters as 
an anion. Of other anions the acetate anion also seems to 
have some chemical effect, because seriously disturbs the 
balance anions : cations (see table 9). Saivamura (1934*) also 
found that one-sided absorption of acetate had an injurious 
effect. Bor this reason, Ca-acetate is more injurious than K- 
acetate, since Ca is so slowly absorbed. One-sided absorption 
of anions from diluted mineral acids also seems to have de- 
trimental, and specific, effects on roots (see p. 297 and fig. 12). 

^ As is well known, large ions have weak hydration power. 

25 — 39498. Lanibruhshogskolans Annaler ^ VoL 8, 
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It must always be difficult to decide wlietlier an observed 
cbang*e in the properties of the protoplasmic membrane is 
due to a change in the molecular structure of the membrane 
itself or to interrelations with the underlying layers of the 
protoplasm. The membrane is certainly rather sensitive to 
gravitation (geoelectrical response, see p. 270). It is, further- 
more, sensitive to light (see Bkaunek 1936, PvRivOson 1936, 
Meischke 1936, Orth 1937). Certain wa.ve-lengtlis affect 
the permeability to water, sugar etc. It is quite possible that 
these effects are due to molecular changes witliin the membrane 
itself, e, g, the specific weight of ions (with geoelectrical re- 
sponse, see Braitner) or ionization by laxcliation. Further non- 
living systems of colloids plus salts show changes in tln,^ » per- 
meability -y which are induced by gravitation or light (see 
also Brauner 1936, Brooks 1923). I would call attention 
here to the observations made by Svedberg and Br()hijlt 
(1939) on the splitting of large ])rotein molecules by illu- 
mination with ultraviolet light. Eh-om. a physico-chemical 
point of view the perception of light can. be referred t(^ such 
effects on the molecular structure or charge, and it is there- 
fore not surprising that changes in the |)otential of ])ereep- 
tion organs are observed (see Amlong find Bunking 1934, 
Bunning 1939). 

The question whether the metallic cations only have a ^p^IV" 
sicaL'f* effect on the permeability, the potentials etc., according 
to their size, charge and hydration power, or more ])rofoun(l 
»cliemical» effects, is frequently discussed (see Lundkcjardh 
1932). If physical eft'ects prevail, one cation might be able 
to replace another ca|iion of similar physical |)roperties, lu 
several respects Eb and Cs can replace K, wliih^ Li can func- 
tion as a substitute for Na (Pirson 1939). On the other 
hand, potassium seems to have specific chemical effects too, 
e. g. on carbohydrate assimilation (Pirson 1937). This more 
» chemical » effect of cations is in many cases probably due 
to a catalytical power. The action of Mn as a catalyst has 
been studied by Btjrstrom (1939, nitrate i^ediiction) and! Lunde- 
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gIudk (1939 c; fundamental respiration of roots). Earlier 
experiments b}" LitndegIiidh and BuxiSTROM (1935) showed 
specific »clieaiical» effects for a number of beav}’’ metals, e. g. 
Ti, Hg, Pb etc. on respiration and ion absorption (earlier 
resea.rclies on the poisonous effects of heavy metals, see Bur- 
STROM 1929, PiRSGHLE 1934, 1935 a. o.). 

Burstrom (1939) found that the catalytically active man- 
ganese is bound interchangeably, viz. nidsorptively », so that 
the catalytical action disappears, if Mn is replaced by Fe or 
Ca. This interesting statement recalls observations on enzy- 
mes as composed by a carrier and a prosthetic group) and calls 
forth the question, whether a single heavy atom can act as 
a pmosthetic group. Chemically, as is well known, it is p30S- 
sible to substitute atoms, e. g. the Fe atom in chloro]>hyii for 
other heavy atoms (see BLxrson 1939); the chemical cha- 
racteristics are then also changed. If catalytically active, 
heavy metals can develop) their cpialities in interchangeable 
binding, this wonld p)erhap)s render possible an explanation of 
the fact that a large number of » dispensable » ions, e. g. Zn, 
Mo etc. show stimulation effects in certain dilntioiis. These 
lieavy ions would then perhaps enter as prosthetic groups in 
linkage with specific pmoteins, and the total effect of the »en- 
zyme» would then depend upon the influence of the metallic 
atom. The assumption that these general effects of heavy 
metals on growth etc. are due to atoms (or ions) in inter- 
chai^geable binding is supp)orted by the fact that antagonistic 
effects are also observed between heavy metals (Gollmiok 
1936). 

The effect of very small amounts on the surface 

potential of roots has already been mentioned (p. 296). In 
this case the potential was increased, whereas a simple sub- 
stitution of H-ions against Mn-ions would lower the potential. 
I called attention to the fact that the » astringent » effect of 
ions of high hydration power is possibly a contributory cause 
of that. But the rise of the potential might also be caused by 
secondai'y chemical processes, induced by the heavy ions. As 
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a matter of fact, another heavy ion, lias a reversed 

effect ill comparison with In an experiment the roots 

were treated with a lO""'”'!! solution of (JulJl^,. Aftei* 3t) iiiiin 
iites the measured ]mtential was found to be c. 20 niv lumr 
than the controls. Cu must, then, act in a (jiiite different 
manner from Mn. Earlier experiments (Liindko akbh and Bun- 
STROM 1935, p. 236) showed that Cu has a specilically stim- 
ulating effect on the fundamental respiration! These ob- 
servations show that the problem of heavy metals is compli- 
cated and needs continued investigation. 


Summary^ 

Experiments were carried out for the purpose of elucid- 
ating the interaction of aerobic respiration of roots and the 
electro-chemical behaviour of the surface of the proto])lasm. 
The results are discussed on the basis of our knowledge of 
the physical and chemical properties of the ])rotoi)lasm, espe- 
cially its surface layers, and support an electro-chemical theory 
of the absorption and accumulation of ions in living cells and 
organs. 

1. Absorption, accumulation and exudation are apprehended 
as different aspects of the same mechanism. Tins mechanism 
involves the ability of the living body to transport ions faster than 
pure diffusion would do. The mechanism Iras aerobical energy- 
expending processes at its disposal and is, accordingly, able 
to overcome very high osmotic resistances. A possible relation 
between the absorption work and the hydrostutical pressure 
of the bleeding sap is ^discussed. 

2. In the normal life of imots of the plants investigated 
the absorption of ions is coupled with an aerobic respiration 
process, the » anion )^cspi}’ation», which involves a complete 

/CO) \ 

combustion of glucose This process is rather sen- 


^ Cf. the definitions on p. 234. 
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sitive to tlie oxygen supply. A small ion absorption is also 
observed in anaerobic life, but is anticipated to be of little 
importance for the normal life of the roots. The anion respira- 
tion is sensitive to KCN. Simultaneously KCN also checks the 
absorption of anions. 

3. A seini-qnantitative relation exists between the anion 
respiration and the absorption of anions. Under otherwise 

, j anion respiration . 

constant conditions, the coetticient h — — — ^ — ig 

anion absorption 

fairly constant, if the intensity of the process is varied by 
limited variations in the concentration of a single salt in the 
solution. Ic is an expression for the osmotic (electro-chemical) 
work which is needed for the accumulation of one unit of 
anions from outside. As a consequence of that, k increases 
with decreasing mobility of the anions in the organ, wdth in- 
creasing concentration gradient and with increasing negative 
electrical charge of the surface of the root system. 

4. The fact that the energ}' -expending process (anion re- 
spiration) is coupled exclusively with the absorption of anions 
is proved by a large number of experiments, in which anions 
of different mobility have been combined with cations of dif- 
ferent mobility. Electro-chemically the accumulation of a salt 
(anion 4- cation) is exhaustively explained by the active ac- 
cumulation of only one of the ions. 

5. When the anion respiration supports an active absorp- 
tion of the anions of a salt, its cations are passively attracted. 
This is the reason why, on an average, the absorption of 
cations runs parallel to the absorption of anions. But in 
absorption during 1 — 20 hours from \ single salt the quotient 

absorbed anions . , x* n -• t i • 

' 7 7 - 7 - — IS only exceptionally = 1 and, by combina- 

absorbed cations 

tion of ions of different mobility, can be varied within very 
large limits. Nevertheless the anion respiration usually runs 
parallel to the quantity of absorbed anions. The fact that 
when salts with similar mobility of anions and cations are 
used, the anion respiration also runs parallel with the ab- 
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sorption of tlie cations is evidently not in contradiction to 
the theory of anion respiration. 

6. If, according- to 3., the coefBcient k is an ex])ression 
for the work of transporting* anions against an osmotic gradient, 
the mobility of the cations in the transporting track must 
also participate. One>sided absorption of anions gives rise to 
large potential differences between the O-level and the I-level. 
Cations of high mobility will, for this reason, lower the ex- 
penditure of energy, hence the coefficeiit Z*, cations of slow 
mobility will raise h. According to this electro-chemical postu- 
late, the cations of a salt increase the coeflicient k in the 
order Na < K < Mg < Ca < Sr < Ba. 

7. The fundamental respiration is the totality of coinbustioii 
processes which are not directly^ involved in the absorption 
of ions. The fundamental respiration is cliaracterized by its 
insensitivity to KGN and the fact that manganese is one of 
the catalytical factors. The fundamental respiration is further- 
more characterized by its ability to utilize very small partial 
pressures of oxygen. 

8. The amount of glucose, stored in seedlings exposed to 
strong electric light during 18 hours a day, is usually suf- 
ficient for maximal anion respiration during at least d hours. 
A lowering of the available glucose also aft’ects the anion 
respiration, Feeding with glucose fx’om outside affects pri- 
marily the fundamental respiration. Only excei>tioiially is the 
anion respiration increased by the feeding of normally cultiv- 
ated seedlings. Feeding with glucose })roinot<‘s the produc- 
tion of acids. As a consequence feeding with glucose can 
promote an one-sided aj3Sorption of cations. 

9. The intensity of tlie respiration and the absorption of 
anions are difthi*ent at diffex'ent heights of the roots of wheat. 
The ends of the roots (0 — 30 mm) have a much higlier 
respiration per unit of dry weight than the upper parts. Also 
the absorption of anions is highest in the ends, but the dif- 
ference is not so large as in respect of the total respiration. 

^ Reservation is made for the case when acids are produced (see p. 305). 
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10. The surface of the root system of cereals is normally 
charged electronegatively in comparison to the nutrient solu- 
tion. The charge amounts to c. 50 — 60 niv. In a very diluted 
solution of mineral acids the chai'ge amounts to 150 — 200 inv. 
This charge is a propert}’’ of the protoplasmic surface of the 
epidermis cells and is not due to the cellulose wall. 

11. Carriers of the charge are negative valencies in the 
surface of the protoplasm. In the absence of metallic cations 
in the bulb phase these valencies are saturated only by H-ions 
and the density of the valencies, expressed as ZcHmax, can be 
approximate!}^ calculated from measurements of the interfacial 
potential in pure, diluted acids. 

12. If metallic cations are present in the bulk phase, a 
partial exchange occurs with the H-ions of the surface layer 
of the protoplasm. This exchangee follows simple laws of ad- 
sorption. As a consequence the interfacial potential decreases. 

13. The interchange of cations at the surface layer follows 
known laws of hydration power, charge etc., of the metallic 
cations. 

14. Potential measurements favour the assumption that 
anions of neutral salts are adsorbed to the surface layer of 
the protoplasm by exchange. Hence the surface layer also 
possesses positive valencies, which in the absence of anions 
of acids are saturated only by OH- (and a small amount of 
HCO,-) ions. 

15. The protoplasmic suiTace of a wheat root in normal 
nutrient solutions is occupied by large amounts of metallic 
cations (being an assortment of all the salt cations), a much 
smaller amount of H-ions (vsymbolizino- the charge), and minute 
amounts of 0 H-ions and anions of neutral salts. 

16. The interchange of cations and anions at the surface 
of the protoplasm is assumed to be the first stage of ab- 
sorption. 

17. The oligodynamical affect of heavy metals in distilled 
water is due to the very high adsorption potential in the 
absence of other metallic cations. 
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18. Tlie siirfaee layer of tlie protoplasm is (3oiiceive(i as 
being* built up of oriented molecules, in analogy with one 
or a few iiioiiolayers. The main substance of th<‘ lay(T con- 
sists of non-dissociated molecules, and the molecules wliieJi 
carry valencies lie like islands among* these other molecules. 
Positive and negative valencies are probably not carried by 
the same molecules, but form a sparse mosaic. The molecules 
which carry the negative valencies have a high dissociation 
constant, and the hypothesis is advanced that they are phos- 
phoric acid groups, attached to some organic compound. 

19. The stability of the surface layer depends, among other 
factors, upon the interfacial charge: A diseluiirge of the layer 
deranges tlie stability and so does also a too iiigli charge. 
Adsorbed cations affect the stability in a similar way, wliich 
is well-known from colloids. Potassium lowers the stability, 
calcium raises it. 

20. A causal relation exists between the height of the 
electro-negative charge of the root, the intensity of the res|)ira- 
tion and the absorption of ions. An electro-chemical theory 
of the absorption and accumulation of ions in living cells and 
organs is developed. 

21. A high surface potential of the roots is promoted by 
factors which check the respiration. All factors which jiromote 
oxidation (oxygen, oxidative agents, feeding with glucose) 
lower the negative potential. 

22. A high surface potential, which under a^erobic conditions 
is maintained by interchange of ions, induces a high intensity 
of respiration. Boots of high ZcHxuax (wheat) show Iiighm 
A'-values than roots of lower ZcHmax (rye). 

23. An artificial rise of the surface potential due to tlie 
application of added currents induces an increased respiration, 
accompanied by a decreased absorption of anions. 

24. The differences in the respiration which are induced 
by differences in surface potential, make it probable that only 
the anion respiration is affected, not the fundamental respira- 
tion. 
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25. Tlie linkage between anion respiration and potential 
removes the obstacle which the negative charge of the sur- 
face of the root raises against the absorption of anions. 

26. The anion respiration of roots is apprehended as a 
redox system, which is balanced by (a) the surface potential 
and (b) the transport of anions from the 0-level to the I-leveL 
(See also points 3 — 6). The formula Pit ~ Pig -f * ^4. represents 
an ideal limit for the linkage between the respiration and 
absorption of anions, which is valid only when the surface 
potential is approximately constant. 

27. Permeability problems are discussed in the light of the 
new conception of the protoplasmic membrane. 

28. The charge of the surface of a single root is not 
uniform. A maximum of negative charge occurs in the zone 
of elongation. Between this zone and the tip differences of 
some 10 mv are observed. The possibility of the presence of 
local currents within the apical part of the growing root and 
their power to transport anions (e. g. auxin) is discussed. 
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n-z Cl 

[(MiPOjx (+M;:PO,H)n] ,h..P07 

Cationic complex with z saloid-bonnd H^P07 ions. 

These saloid-bonnd H 2 PO 7 ions account for the Gaarder 
eftect, i. e,, a maximum in the phosphate fixation on the acid 
side of the I. E. P. 

The saloid-bonnd ions must be easelj displaceable especially 
by the divalent SO4. ions, that is, the Gaardeb effect must 
disappear in the presence of a sufficient concentration of 
SO 4 ions. Gaabdeks own results give us a hint of such a 
displacement, for although Gaabdek did not make special 
additions of salt to his series he did, in certain cases, change 
from the use of AlCljj to Al 2 (SOjjj as a reagent. 

Fig. 44 shows the PO 4 fixation in three of Gaabdkrb 
aluminum phosphate series. Curve I shows the fixation when 
Na^HPO^ reacted with AICI 3 and curve II when AL(S 04 )j{ 
was substituted for AICI3. We note that the Gaakdke effect 
(the depression in the phosphate solubility on the acid side 
of the I. B. P.) is appreciably smaller in the sul}>hate (II) than 
in the chloride (I) series. Cuiwe III shows the fixation in a 
series in which the sulphate was used but in which the NaOH 
used to adjust the pH was added to the aluminum solution 
before the addition of the phosphate. The colloid-binding 
was therefore here less complete thus leaving a grc^ater con- 
centration of phosphate ions for the saloid-biruling. The 
Gaardee effect is therefore greatest in this series in spite of 
the presence of SO 4 ions. 

In his work on the ^isoelectric precipitates Mattson (1930) 
found an increase in the PO 4 fixation in a ferric pliosphate 
system not only on the acid (positive) side of the I. E. P., as 
did Gaakder, but also on the alkaline (negative) side as well. 
This was never satisfactorily explained and it became one of 
the many problems which, with good intentions, are put aside 
to be » studied later ». It should be mentioned in this connec- 
tion that Mattson made his positive and negative sols 0.2 N 
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pH 

Fig. 44 . The solubility of PO4 in systems of equivalent quantities of PO4 
and A 1 when Na2HP04 solution was added: 

I. to AICI3 solution; 

II. to Ala (804)3 solution; 
nr. to Ala (804)3 + Na OH (sol). 

From Gaaeder. 

with respect to NH^Cl in order to cause flocculation. This 
incidental fact explains, as we shall see later, why the fixation 
was found to be g-reater on both the positive and the negative 
side than at the I. E. P. where no salt was added. 


Experimental. 

In order to find out how the presence of salts affect the 
two forms of binding of the phosphate ion the precipitation 
was carried out in water (I) and in 0.5 N solutions of 
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(II), NaCl (III) and KCl (IV) under otherwise identical condi- 
tions (cf. 45). The precipitation was done by rapidly 
mixing: a series of solutions A and B of the following com- 
position: 

A: — • 7.5 m. e. AICI 3 

H2O to make 250 cc. 

B: — 8 m. e. Na^HPO^ 

250 » salt (in series II, III and IV) 

X » NaOH 

HoO to make 250 cc. 

= 500 cc. 

After 4 days during which the mixtures were repeatedly 
shaken they were filtered through a Zsigmondy ultra filter 
(pores = 100 — 200 mp.). The filtrates were then analysed for 
PO4 by the method of Zinzadze (1935) and for A1 by the 
ortho-oxy-quinoline method. The results are plotted in fig. 45, 

In these series we used somewhat more than one equivalent 
of PO4 to one of A1 for the purpose of increasing the saloid 
binding. The concentration is otherwise of the same order 
of magnitude as that in our previous study and as that of 
Gaarder who used about 5 milliequivalents in 300 cc. For 
the sake of comparison we are expressing the results in terms 
of milliquivalents in solution in 300 cc. 

The curves in fig. 45 bring out the following significant 
facts : 

1. Where no salt is added there is a considerable Gaardek 
effect (a maximum in fixation on the acid side of the I. E.P.). 

2. The Gaai^der effect vanishes in the presence of the 
sulphate and is greatly reduced by the chlorides. 

3. On the acid side the solvation and solution of A1 and 
PO4 takes place simultaneously and at a somewhat higher 
pH (up to 0.25 unit) in the chloride solution than in the 
absence of added salt and at a much higher pH (up to about 
one unit) in the presence than in the absence of sulphate. 

4. At the I. E. P. (which lies at about pH 5 in the salt- 
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pH 


Fig. 45. The effect of salts on the solubility of PO,i in systems of phos- 
phated alumina containing a small excess of PO 4 . 

■ 

free series) all of the salts cause a decrease in the 
solubility, the effect being greatest in the KCl series and 
smallest in the ISTa^SO^ series. 

5. On the alkaline side of the I.E.P. and up to about 
pH 8 (where alumina is isoelectric) the salts continue to de- 
press the solubility of P 04 ^ in the same order as at the I. E. P. 
The depression amounts to about 50 % in the KCl solution 
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and to about lialf as mucli in the NaCl solution over a wide 
range on the alkaline side of the I. E. P. 

6. There is no A1 in solution on the alkaline side of the 
I. E. P. below a pH of 8. (In the series' to which no salt was 
added there was a partial solvation at pH 7.08 and 7.85 but 
no particles passed the ultra-filter.) 

The effect of salts on the phosphate complex is apparently 
very complicated and resolves itself into two distinct phases: 

1. On the acid side at some distance below the I. E. P, 
the salts cause a more rapid dissolution of the complex. The 
nature of the cations (Na or K) is without effect, the reaction 
being dominated by the valence of the anions; the divalent 
SO4 ions producing, by far, the greatest effect. 

2. Beginning at some distance below the I. E. P. and 
extending far up on the alkaline side of this point the salts 
give rise to a considerable fixation of the phosphate ions. 
This effect is dominated by the nature of the cations, the 
effect of the K ions being about twice as great as that of 
the Na ions whereas the nature, including the valence, of the 
anions plays a lesser roll (the considerable difference in the 
effect between Na^SO^ and NaCl at and near the I. E. P. may 
be ascribed to a lag coming from the still greater difference 
on the acid side). 

The effect of the salts on the acid side of the I. E, P. is 
not difficult to explain. At low pH there is a suppression of 
the dissociation of the PO7 and HPO^ ions. The H^ PO7 
dominate and the complex can bind a greater number of 
phosphate ions per mol alumina. This gives rise to the 
Gaakder effect as long as the alumina remains boxind to a 
sufficient number of di- and trivalent phosphate ions. These 
ions do not dissociate appreciably and do, therefore, not im- 
part a positive charge to the complex. But at still lower pH 
more and more of the phosphate ions change into the saloid- 
hound (dissociated) monovalent HaP07 ions, the charge in- 
creases and the complex solvates and, finally, dissolves in the 
form of single ions. In the presence of salt the phosphate 
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ions are partially displaced by the anions of the salt. The 
■divalent SO^ ions have a greater effect than the Cl ions. 
Since these ions all enter into the saloid-bonnd union with 
alumina the solvation and solution will occur at a higher pH. 
The cations have no elfect. 

The effect of salts on the phosphate complex at and above 
the I. E. P. might seem contrary to the modern concepts of 
.solution chemistry. Thus the solubility of a precipitate is 
usually greater in a salt solution than in pure water. The 
presence of the salt lowers the activity coefficient of the ions 
•of the precipitate and since the pi'oduct of the activity of 
these ions should be a constant in a solution in equlibrium 
with the solid phase, the solubility must increase. 

In the case of our phosphate system the added salts must 
produce the same effect and render the precipitate more 
•soluble. But our precipitate is not of the classical type of 
•precipitate possessing a definite composition and structure, at 
least not at the active interface. It is not a stoichiometric 
•aluminum phosphate but is better described as a phosphated 
alumina, a complex possessing acidic and basic residues and 
■enteracting amphoterically with every ion in solution. It is 
in this fact that we have to look for an explanation to the 
observed salt effect. 

The liberation of the phosphate ions in these compounds 
is primarily the result of a hydrolysis and not of a solution. 
On the acid side of the I. E. P. the hydrolysed, undissociated 
/acid is soluble and passes into solution with the ionized base 
whereas on the alkaline side the hydrolysed base is insoluble 
leaving the ionized acid alone to dissolve. On the alkaline 
.side the reaction amounts to an isoelectric decomposition 
because the loss of the ionized acidoid group causes the 
I. E, P. to be deflected toward the higher pH of the system 
thus leading to a more stable complex. If both acid and base 
were colloidal in the free slate {i. e., Al-humate) the complex 
would decompose isoelectrically on both sides of the I. E. P. 
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The strength of weak acidoids and basoids a iiiiietion 

of the Doiinan equilibrium. 

If the liberation and fixation of phospliorie acid by the 
phoshate complex is thus the result of a hydrolytic roactioii 
then the observed effect of the salts must be an effect on 
this reaction. A suppression of the phosphate solubility must 
mean a suppression of the hydrolysis of the complex by the 
salt and this a^ain must mean that the ions of the salt have 
a power to strengthen the acidoids and basoids of the com- 
plex. In previous work (Mattson and Wiklanider 1939) on 
the pH and the capacity of soils to bind acids and bases in 
various salt solutions this latter fact was emphasized and an 
attempt was made to place the relationship on a quantitative 
basis in the form of the Donnan equilibrium. 

The fact that the strength of acidoids and basoids is never 
constant but a function of the ionic environment as expressed 
by the activity and valence of the ions leads to many im- 
portant consequences among which the fixation of phos})hate 
is one. The connection between the two might best be ex- 
plained as follows: 

The acidoid and the basoid groups (e. g. : PO 4 H and OHAl :) 
of the phosphate complex dissociate in pure water only a few 
H and OH ions respectively (cf. equation A below). The 
compound [A1 : POjx is therefore relatively easely hydrolysed 
to [OHAl : PO^Hjx. The phosphate group in the latt(‘r is more 
soluble than in the former because the next step in the hy- 
drolysis leads to 

[(OH)/Al^ ]x + X H,PO, 

in which the phosphate ion is saloid-bonud and subject to 
displacement by any other anion. 

In the presence of a salt, e. g., JECl (cf. equation B below) 
the dissociated H and OH ions (assumed to be present in the 
form of an » amphoteric » ion atmosphere, the H ions, as 
»clouds», over the acidoid groups and the OH“" ions over the 
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basoid groups) are displaced by the ions of the salt in ac- 
cordance to the Bonnan equilibrium. This disturbs the equi- 
librium between the dissociated and undissociated H and OH 
ions resulting* in an extensive dissociation of the acidoid and 
basoid groups. The displacing K and Cl ions are all saloid- 
bound and leave the colloid dissociated. At the equi-ionic 
point (where the K and Cl ions displace an equal number of 
H and OH ions respectively) the exchange can proceed very 
far because then a number of H and OH ions are withdrawn 
from the competition by the formation of H 2 O: the exchange 
acidity is neutralized by the exchange alkalinity. 

This process leaves the acidoid and the basoid groups more 
dissociated, that is, the acidoids and basoids have become 
stronger through the action of the salt. The result of this 
will be that, in the ease of our phosphated alumina, a greater 
number of A1 and PO 4 will unite in a triple linkage and thus 
fix the PO 4 more firmly. 

The following two equations might serve to illustrate the 
relationship : 


A. — In pure water: 

+A1:P07 

OHAhPO^H 

OHAl ; PO,H - 

OHAl : PO,H 
OHAliPO^H 

Isoelectric Micellar 

complex solution 


B. — In KOI solution: 


+A 1 ; PO7 ^ 

» 11+ 

.H+ ^ 

Ai ; PO, 

^ OH-*“ 

OH- 

AliPO, 



AiiPO^ 

K+ — 

, K+ 

+A 1 ;P 07 

ci-*“ 

01 - 

Isoelectric 

Micellar 

Outside 

complex 

solution 

solution 


H2O 
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The fact that KCl has a much stronger effect than NaCi 
is in line with the greater displacing power of the K ioim 
and proves that the cations exert a dominating effect at and 
above the 1. E. P. 

On the acid side the SO.^ ions sliow a greater displacing 
power and cause a solvation and solution of the comi/lex at 
a higher pH then do the Cl ions. Why then does not Na^SOj 
cause a greater suppression of the phosphate solubility than 
NaCl at and above the 1 . E. P.‘? If the SO 4 ions are :'>coun 
pletely » dissociated (saloid-bound) by the com])lex, as |)ostulated, 
they ought to show a greater effect than the Cl ions. We 
shall here only refer to the work of Mattson (lOJK)) who 
found that isoelectric alumina contained much more SO^ when 
precipitated from the sulphate than Cl when precipitated from 
the chloride and that the SC 4 ions partially displaced the 
SiOg ions in the isoelectric silicate. It might also be recalled 
that the SO 4 ion lowers the I. E. P. considerably. We are, 
therefore, forced to the conclusion that although the SO., ions 
activate the alumina they form a more closely associated 
compound (slightly dissociated basic sulphate) than do the Cl 
ions and thus displace some of the double-bonded phosphate 
ions. 

The curves in fig. 15 express the net result of several 
opposing forces, an exact analysis of which would retjuire a 
knowledge of the activity of all the ions, colloidal as well as 
single, in the micellar and in the outside solution. 

At a pH about 8 the curves intersect once jiiortn The 
salts increase here only the dissociation of the acidoid, tliat 
of the basoid being sufjpressed by the high OH ion concen- 
tration. There can, therefore, be no appreciable. Bupprossioii 
of the solubility of the phosphate ion through an increase in 
linkage to the alumina. Above this pH the suppressing effect 
of the salts upon the activity coefficient of the ions dominates 
the- reaction and results in the »normal» effect: an increased 
solubility. 
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The influence of the composition of the complex* 

We shall now see how the salt effect is i^elated to the 
nature of the sesquioxide and to the degree of phosphate 
saturation. 

Table 22 shows the phosphate » solubility » in water and 
ill 0,5 N KCl solution of two samples of phosphated aluminia 
and two of phos|)hated ferric hydroxide of varying composi- 
tion. The samples were prepared ten years ago by isoelectric 
precipitation (Mattson 1930), and bad been freed from elec- 
trolytes by washing and by electrodial jsis. They were shaken 
in the machine during 8 hours at a constant room temperature 
of 20° C. in the proportion of 1 gram per 100 cc, the pBL in 
three of the series (the most acid ones) being slightly increased 
by adding a little alkali. This adjustement of the pH was 
done to avoid the Gaakder effect and to keep well within 
the range of the Don nan effect (of. fig. 45). The ultra filtrate 
was analysed as in the preceding experiments. 

Table 22. 

The PO4 solubility of isoelectrically precipitated alumi- 
num and ferric »phospliates» in water and in 0.6 N KGl 

( 1 : 100 ). 




NaOH 
m. e./g 

pH in: 


mg./T. 

s 

w 

Composition 

I. E. P.' 

water 

N/2 KCl 

water 

w 

N/2 KCl 
s 

AljOa'CPjOs) 0.897 

4.85 

0.1 1 

5.75 

3.85 

37.2 

20.2 

0.543 I 

AljO, • (P^O,,) 0.490 

6.4 

O.o 

6.20 

5.00 

0.24 

0 08 

0.333 :j 

i 

li'CsOa • (P.jO,,') 0.971 

3.7 

0.1 

5.35 

*2.90 

30.0 

6.95 

0.232 1 

PkjOs ■ (PjO^) 0.49.t 

5.5 

0.04 

6.50 

3.95 

2.16 

0.11 

0,051 I 


^ The I. E. P. values are only approximations because these precipitates 
were obtained in less dilute systems than those in which the I. E. P. was 
determined. This caused more PO4 to he precipitated and the I. E. P. to 
be lower. Furthermore, the values refer only to the original wet precipitates. 
The I. E. P. of the dried and electrodialysed material has not been determined. 
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It will be noted that the KCl reduces tlie PO,^ solubility 
to as much as 0.051 of the solubility in inire water in the 
case of the most basic ferric pliosphato. That the effect is 
relatively gTeater the lower the proportion of PO., is in linn 
with the manner of reaction of colloidal electrolytes in general 
(cf. fig. 3 and 6 in this series). The salt effect seems to be 
greater in the ferric than in the aluminum pliosphate. This 
might be partly due to a greater stability (lower dissociation) 
of the former which shows a lower POj solubility than tlie 
latter in spite of the fact that ferric hydroxide is the weakest 
base. It is probably also due to a greater acidic residue in 
the ferric phosphate as expressed by a greater capacity to 
bind base and exchange cations. Note in this connection the 
enoriiions exchange acidity which in the two ferric phosphates 
amounts to about 2.5 pH units. The greater the dis])laceinent 
of the H by the E ions the greater is the dissociation of the 
acidoid and the greater, therefore, the number of bonds 
between the latter and the basoid. 

We must however avoid drawing any too definite con- 
clusions on the basis of these differences. With only a single 
determination, each at a different pH, it is impossible to 
separate the factors and tell hov much of the effect is clue 
to a change in the pH and how much it is a Donnan effect. 
Thus the relatively large amount of PO.| present in the water 
extract of the most basic feiTic phosphate (2.16 mgin compared 
to only 0,24 in that of the corresponding Al-compound) leads 
us to suspect that we are a good way up on the » alkaline 
slope » of the curve and that the salt effect is h(n*e partly a 
pH effect. A more detailed study is here higlily desirable. 
The quantities of the precipitates on hand allowed, at the 
present time, only the single set of experiments here reported. 

The salt effect on the calcium phosphates. 

It is interesting to compare the solubility of calcium 
phosphates with that of the amphoteric pi-ecipitates. The 
following compounds were included in this investigation: 
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Ca,j(POA (Merck’s puriss. sicc. U. S. P. VIII), 

CaHP 04 ■ 2 H^O (Merck’s puriss, D. A. B. 6), 

Apatite, powdered (0.2 — 0.074 mm). 

Two grams of the phosphates and 10 grams of the apatite 
were shaken for 8 hours in 200 cc volumes of freshly boiled 
destilled water and of 0.5 N KCl solution at a temperature 
of 20° C. The suspensions were then ultra-filtered and analysed 
with the results shown in table 23. 


Table 28 , 

The solubility of tertiary and secondary calcium phos- 
phates and of powdered apatite in water and in 0.5 N KCL 



pH in: 

„ ... 

l‘,06 mg./l. 


Substance 

water 

N/2 KCl 

water 

w 

N/2 KCl 
s 

s/w 

CaJPO.V (1:100) 

0.63 

6.71 

108 

215 

2.0 

CaHr0.i • 2 aq. (1 : 100) 

6.95 

7.40 

80 

196 

2.4 

Apatite (5 ; 100) 

6.87 

6.88 

0.4 

0.8 

2.0 


We note that, in contradistinction to the amphoteric phos- 
phates, the phosphates of calcium are more soluble and yield 
a higher pH in the salt solution than in pure water. The 
greater solubility in the KCl solution is in agreement with 
the modern theory of ion activity according to which the 
concentration c of a solution of a slightly soluble salt in 
equilibrium with the solid phase must increase in proportion 
to the decrease of the mean activity coefficient f of the ions 
so that the product c„ f remains constant, thus: 

[saltji fi = [saltjg fg etc. 
where the brackets signify concentration. 

^ For the tertiary phosphate this solubility, which was checked by a 
duplicate, is too high and indicates the presence of other compounds as 
does also the relatively low pH. 

27 — 39498 . LantbruhshogskolaTis Annaler, Vol. 8. 
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The increase in pH is obviously the result of a hydrolysis 
of which the following might be given as an example: 

CaHPO.i ^ Ca++ + HP07'”"“ 

H.O ^ OH- + 

It 

H^por 

Salt effect and combining cai)acity. 

We shall now present some experimental evidence in sup- 
port of our theory that the depression of the hydrolysis of 
the amphoteric phosphates is due to an increase in the dis- 
sociation of the acidoids and basoids caused by the salt. 

Fig. 46 shows the titration in water and in 0.5 N KjjS 04 
of the sample of Al-» phosphate » having the composition 
Al 203 (P 2 05 ) 0.49 (cf. table 22). 

We note that at pH 7 the complex binds about seven 
times more base in the 0.5 N salt solution than in pure water.* 


pM 
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A/.e. No OH 

Fig. 47. The titration of AlClg in water and in 0.5 N KCl and K 3 SO 4 

solution. 

Assuming the aoidoid to be weak and the saloid to be com- 
pletely dissociated this means that the dissociation of the 
phosphoric acidoid is about seven times greater in the salt 
solution. On the acid side we note the same effect with 
respect to the capacity to bind acid. The two effects overlap 
considerably so that at the I. E. P. we can picture the complex 
as a highly multivalent »Zwitterion». The depression of the 
hydrolysis must he greatest loithin that range of pH in tvhich 
the product of the adsorbed anions and cations of the salt is 
greatest. 

The electrometric titration of AlQl^ (1 m. e. in a constant 
volume of 100 cc) in water and in 0.6 N KCl and K^SO^ 
yields the curves in fig. 47. The curves show that on the 
acid side of the point of exchange neutrality (the point of 
intersection of the salt curve with the water curve) the AlCl^i 
neutralizes less base in the salt solutions than in pure water 
at a given pH. This means that the alumina is less hydrolysed 
and more ionized in the salt solutions than in water. The 
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effect of the SO 4 ion is greater than that of the Cl ions. On 
the alkaline side the alumina, now appearing as an acidoicl, 
is activated by the cations of the salts, the anions being 
without effect. 

These phenomena are all due to a displacement of the 
acidoid H ions and the basoid OH ions by the cations and 
anions of the salt according to the Donnan equilibrium. 
Therefore^ wealc acidoids and hasoids are stronger and their 
compounds less hydrolysed in salt solutionis than tn water. 


Applications. 

While this paper is being prepared an important contribu- 
tion on the effect of salts on the solubility of soil phosphates 
has appeared in this journal (Eriksson 1940). After reviewing 
the somewhat conflicting results obtained by other investigators, 
from the classical work of Cameron and coworkers up until 
the present time the author shows, by pot experiments and 
by soil studies, that KOI causes a decided fixation of the 
phosphate in soils rich in sesquioxides. This work has 
established the fact that, at least in certain ty])e of soils, the 
Donnan depression of the hydrolysis of amphoteric phosphates 
is a factor which must be recognized in ordinary fertilizer 
practice. That experimental results may often appear to be 
conflicting as long as we hawe not succeeded in isolating the 
phenomena will be clearly understood after a first attempt to 
apply the already established principle's to soil conditions: 

In our previous work we distinguislied between inicellar- 
binding, i. e., saloid and colloid-binding, which takes place 
on the acid side of neutrality, and extra-micellar*binding, i. e., 
the formation of calcinm phosphates which occurs on the 
alkaline side. Between these minima in phosphate solubility 
there is a maximum in the neighborhood of the neutral point. 
The presence, the magnitude and the position of this maximum 
will depend on: 
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1) the I. E. P. of the soil complex, i. e,, the acidoid/basoid 
activity ratio; 

2) the amount of calcium and 

3) the amount of phosphate present in the soil. 

When a neutral salt (e. g., KOI) is added to a soil at a 
pH above the equi-ionic point there will be a lowering of the 
pH (exchange acidity). 

There is at least four ways in which the salt can effect 
the » solubility » of phosphoric acid: 

1) Through the depression of the pH resulting: 

a) in a decrease in solubility on the acid side of the 
solubility maximum (followed by an increase at very 
low pH; 

b) in an increase in solubility on the alkaline side when 
the depression of the pH does not extend to the acid 
side of the solubility maximum; 

c) in no change when the pH of the soil is such that 
the effect of a) compensates the effect of b). 

2) Through the Donnan effect leading to a depression of 
the hydrolysis of the amphoteric phosphates. This will 
occur below a pH of about 8 (the I. E. P. of alumina) 
down to very low values. 

3) Through the depression of the activity coefficient of all 
the ions in the soil solution resulting in an increase in 
the solubility of normal crystalline compounds including 
phosphates that may be present in the soil. 

4) Through a displacement of Ca ions by the cations of 
the salt leading to a precipitation of calcium jjhosphates 
at high pH. 

We need therefore not be surprised if A finds the solubility 
of soil phosphates to be decreased by the addition of salts 
and B finds the solubility to be increased while C reports 
the salts to be without effect. 

In relation to the several analytical methods, based on 
various phosphate solvents, which are now being tried, it is 
obvious that the principles here developed have an important 
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application. A study o£ the influence of citrateKS, lactates etc. 
on the amphoteric pliospates is now xiiidertaken and will be 
reported in a later paper of this series. 

Summary. 

The paper deals with the effect of neutral salts on the 
amphoteric phosphates: 

On the acid side of the I. E. P. (isoelectric point) there is 
a direct displacement of the phosphate ions by the anions of 
the salt. This leads to a cationic solvation and solution of 
the complex at a higher pH than in the absence of the salt. 
The SO 4 is more active than the 01 ion. The nature of the 
cation is here without effect. 

At and above the I. E. P. of the complex and extending 
up to the I. E. P. of the free sesquioxide the salts cause a 
greater fixation of the phosphate ions. The fixation is dominated 
by the nature of the cations, the effect of being about 
twice that of 

This fixation is ascribed to a depression of the hydrolysis 
and is explained as follows: 

The slightly dissociated H ions of the phosphoric acidoid 
(acid residue) and OH ions of the sesquioxide basoid (basic 
residue) are displaced by the cations and anions of the salt 
according to the Donnan equilibrium. The saloids thus formed 
are highly or completely dissociated. This is in effect the 
same as if the acidoid and basoid had become stronger and 
must lead to a more extensive union between them or, what 
amounts to the same, to a depression of the hydrolysis. 

The effect of the salt leads, therefore, to an increase in 
stability and a decrease in » solubility » of amphoteric pre^ 
cipitates of the type described. This is opposite to the effect 
of salts on normal precipitates (whose solubility is increased 
as a result of a depression in the activity coefficient of the 
ions in solution) and introduces a new concept in the theory 
of colloidal electrolytes which -undoubtedly applies to all 
systems of loeak acidoids and basoids. 
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Sammanfattiiing. 

Arbetet liandlar om iieiitralsalters effekt pa de amfotara 
fosfaterna ocli fosfatifixeringen. 

Pa den sura sidan. om I. E. P. (isoelektriska pmikten) for- 
tritng’as fosfatioiiema direkt av saltets anioner. Detta leder 
till att en kationisk solvation och npplosning av komplexet 
installer sig- vid ett hogre pH iin vid franvaro salt. SO 4 - 
ionen iir harvid inera aktiv iin Cl-ionen. Saltets kation har 
hiir iiigen elfekt. 

Vid och ovanfor komplexets 1. E. P. npp till I. E. P. for 
den fria seskvioxiden astadkomma salterna en okad biiidning* 
av fosfationerna. Pastliiggningen domineras av kationens natur; 
K-ionens effekt iir oinkring tva ganger sa stor som Na-ionens. 
Se fig. 45 och tab. 22 , 

Deima fixering tillskrives en nedsattning av hydrolysen 
och. forklaras pa foljande satt: De foga dissocierade H-ionerna 
hos fosforsyraacidoiden (sy rarest) och OH-ionerna hos seskvi- 
oxidbasoiden (basrest) fortriingas av saltets kationer och anioner 
i enlighet ined Donnan jamvikten. Den saloid, soni da bildas, 
ar starkt eller fnllstiindigt dissocierad. Detta liar samina effekt, 
soin om acidoiden ocli basoiden hade blivit starkare och maste 
leda till en mera vidstriickt forening mellan dem, d. v. s., 
hydrolysen nedsattes. 

Salteffiekten okar s^unda stabiliteten och minskar »loslig- 
heten» for amfotara fallningar av den typ, som beskrivits. 
Detta iir belt i motsats till salters effekt pa normala fallningar, 
t. ex. kalciainfosfat. De normala fallningarnas loslighet bkar 
i narvaro av sal ter (jfr tab. 23), beroende pa nedsattning av 
aktivitetskoefficienterna. 

Det p§,visade fbrhHlandet att neutralsalter, nar det galler 
amfotara fallningar av den typ, som beskrivits, astadkomma 
en okad stabilitet och en minskad » loslighet » for dessa am- 
fotara fallningar, introducerar en ny uppfattning i teorien for 
kolloidala elektroljter, vilken otvivelaktigt galler for alia 
system av svaga acidoider och basoider. 
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The Influence of Temperature on the Permea- 
bility of Soils to Water. 

By YNGVE GUSTAFSSON. 

From the Institute of Agricultural ffy dr o technics. 

The forces which retard the movement of a liquid, e. g. 
water, are, as far as the movement is one-dimensional or 
laminar, only the forces of friction. Besides the friction 
against the walls of the vessel the friction within the liquid 
also plays a decisive part. This means that the viscosity of 
the liquid will strongly influence the movement. 

If, on the other hand, the movement is of more than one 
dimension, i. e. turbulent, the forces of inertia will also appear 
as retarding forces. Thus, in this case, the forces of friction, 
and consequently, the viscosity of the liquid are not the only 
decisive factors of the movement. 

From the foregoing it is evident that such factors as in- 
fluence the viscosity of a liquid — among which temperature 
is a very important one — will have greater influence on the 
movement of a liquid when it is laminar than when it is 
turbulent. Thus, the movement of the liquid is more in- 
fluenced by the temperature at the laminar than at the tur- 
bulent stage. 

In the movement of ground water in the pores of soils there 
is no turbulence, the form of the movement is here, under 
natural conditions, laminar. The reasons of this are firstly 
that the velocity of the flow is here always low, secondly that 
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tlie pores of the soil are generally small, which two factors 
have the effect that Reynold’s number does not exceed tln^ 
value marking the boundary between laminar and turbulent 
movement. Because of this fact we may, therefore, expect a 
relatively strong dependence on temperature in the movement 
of ground water — stronger than in the movement of water 
in, let us say, a large tube. 

This relation between temperature and the flow of ground 
water may be investigated from a purely theoretical point of 
view, as will be shown in the following pages. The object 
of this work is to compare the conclusions regarding the just 
mentioned relation that may be drawn on the basis of theo- 
retical deduction with the data found by experiments. These 
data derive partly from the investigations of previous authors, 
partly from the writer’s own experiments. Among those having 
made experimental researches into the problem may be men- 
tioned Hagex (1869), Havrez (1874), SeetjHeim (1880), Hazex 
(1892), Keesxik (1906), Schaeferxak and Daoheer (1934). 
A further account of their works will be given in the following. 


The theoretical influence of temperature on 
ground water movement. 

The influence of viscosity on ground water movement. Ac- 
cording to Newton (Kauehann 1931) the resistance of friction, 
m, occurring when two adjacent layers in a liquid move in 
relation to each other, is independent of a pressure |)erpen(h 
icular to the layers but directly proportional to tbeir dif- 
ference in velocity, d?’, #and inversely proportional to the 
distance between them, els (see fig. 1), This may be expressed 
by the formula 

where ^ is a constant of proportionality called the viscosity 
coefficient. 
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On tlie basis of equation (l) it is now possible to make the 
following’ deduction. In a tube with a circular section a flow 
of water is assumed to occur owing to an existing gradient 
of pressure. The form of moveruent of the water in the tube 
is assumed to be laminar, which is the ease at sufficiently 



c// 

Fig. 1. 




vr 





■ 2 ^. ^ 

Fig. 2. 

small flowing velocities and in tnbes with small diameters. 
A cylindrical element of liquid with the radius x and the 
length situated so that its axis Coincides with the length 
axis of the tube, is now considered. See Fig. 2. The dif- 
ference in pressure between the end surfaces of the element, 
which is the cause of the movement of the element, is assumed 
to have the value Jh per superficial unit, i, e. for the end 
surfaces as a whole 


Ttx^ ' dh. 
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This force is compensated by the force of friction, which 
for the whole mantle surface of the cylinder may be written 
by the aid of equation (1) 


where v denotes the velocity of the flow. 

This expression must be equal to the preceding one, and 
after fractioning we will have 


X 


d V 


( 2 ) 


Hence v may be obtained by integration 

' Jh 



Jh 




+ a 


2 ; is == 0 at the wall of the tube. If, therefore, we let r 
denote the radius of the tube, the above expression may be 
written 



All 


X-) 




The amount of water passinjy throug;li a ^’iven riiift'Kection of 
the tube is, for a continuous medium, equal to tlio product 
of the surface of the section and the existing velocity. If, 
therefore, the internal radius of the ringsectiou is x and the 
external radius x + dx, the amount of water, <1 Q, passing per 
unit of time, may be written 




dQ^ 


Alt 




x^) 2 7txd X, 
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Hence the amount of water, Q, that flows through the whole 
tube, may be easily calculated 

x~r 

ir^-x^)oodx=^~~^r\ (4) 

x^O 

This equation, which has here been obtained theoretically, 
says that the quantity of water passing* through a tube, when 
the movement is laminar, is proportional to the fourth power 
of the radius of the tube as well as to the prevailing gradient 
of pressure, and is further inversely proportional to the vis- 
cosity coefficient of water. The equation was constructed 
purely on empirical bases by Hagen (1839) and by Poiseuilee 
(1843) and is therefore, by the suggestion of Ostwald (1925), 
called the Hagen-Poiseuillean law. 

Equations of analogous meaning may be constructed for 
conduits with non*circular transverse sections. 

As mentioned above, the movement of ground water is 
laminar, and therefore it might be expected at first sight that 
a law analogous to tliat of Hagen-Poiseuille would be applic- 
able to this movement. The pores of the soil, however, are 
not straight as the imaginary conduit, and, moreover, their 
transverse sections vary from point to point. The way of a 
water particle through the soil mass will consequently not be 
linear, but will deviate continuously, which causes forces of 
inertia to enter. Nevertheless the law applying to the flow 
of water through the soil, which was established by Dahoy 
(1856), shows agreement with the Hagen-Poiseuillean law. It 
may be wintten 

where v is the velocity of the movement, h a constant and 
d hid I the gradient of pressure. It seems that here just as in the 
Hagen-Poiseuillean law, the velocity of the flow is proportional 
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to tlie existing gradient in pressure. If tlie forces of inertia 
appeared to any measurable extent, there would also be a 
quadratic term, which I have treated morf’! cdosely in a,nother 
work (Gustafsson 1939). H.owever, a great number of in- 
vestigations have verified Darcy’s law, from whicli follows 

that, compared to friction, the forces of inertia can play no 
important part. 

Now, if the Hagen-PoiseuiUean law is applicable to the 
movement of free water through the soil, which thus involves 
that the existing forces of inertia are negligible compared 
to the forces of friction, it follows that the velocity of the 
flow, and consequently, also the amount of water, Q, passing 
through the soil per unit of time, teould he dependent on the 
viscosity of water in such a ivay that v, resp. Q would he di- 
rectly proportional to the inverted value of the viscosity coeffi- 

cient, fi. 

Hence it folloivs that the permmhility of the soil would vary 
with temperature in the same ivay as the viscosity coejfcient. In 
other words, the influence of temperature on the movement of 
ground tvater tvould he parallel to the inflMence of temperature 
on the viscosity of tvater, 

^ The influence of the temperature on the viscosity. That 
the viscosity of water varies with temperature was as early 
as 1798 observed by Gerstnek (1800). He proved by a series 
of tests the influence of temperature on the velocity of water 
flowing through capillary tubes. 

There was, however, a rather long time before he had 
followers who made further investigations regarding the in- 
fluence of temperature on the viscosity of water. Tliey were, 
as mentioned above, Hagex (1839) and Poiseuille (1843), 
both of whom worked with varying temperatures when estab- 
lishing their law. Poiseuille’s results made it possible to 
formulate an equation for the influence of temperature on the 
velocity of water passing through capillary tubes, an equation 
which, according to the theory for this flow developed above 
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^ g. s. 



Fig. 3. The curve shows the variation of viscosity, fi, with temperature 
according to Poiseuille’s equation. 


coincides with the equation for the relation between temper- 
ature and viscosity coefficient. Poiseuille’s equation is written 

_ O.ooooiau 

^ - f + 0 0887> 4- 0.00022 P 

where T is the temperature expressed in degrees C. In later 
investigations it has proved to give the relation between 
and T so well that no reasons of any great changes in it 
have occurred (Hodgmak 1933, p. 1064), The equation is 
illustrated by the curye in Fig. 3. 
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Now, if the reasoning* presented above eonceriiiiig* ground 
water movement is true and the effect of the forces of inertia 
at the movement are negligible, the relation between temper- 
ature and the velocity of water in ground water movement 
must describe a similar curve. 

The influence of temperature on ground water move- 
nient according to empirical data given by 
previous authors. 

1. The oldest researches regarding the influence of temper- 
ature on the permeability of the soil were performed by Haoen 
(1869). In his experiments he used a sand with a diameter 
of grain of about 0.8 mm. The experiments showed that the 
permeability at 23.5"^ E (29.4° C) and the permeability at 10° 
K (12.5° C) are in the ratio 3:2. This means that the in- 
crease in permeability for each degree C is about 3 %, 

According to Poiseuille’s equation (6) the viscosity coeffi- 
cient has the value 12.46- 10“® at + 12.5° C and the value 
8.32*10”® at +29.4° C. This means that 1//X2i).4« is 49.70 % 
greater than The increase in temperature is 29.4° — 

12.5° = 16.9° C, which accordingly means that the change in 
the quantity l//i is 2.94 % for each degree. It is evident that 
this change in lift corresponds very well to the cliange in the 
permeability of the soil found by HAon>r: 3 per cent for 
every increase in temperature by one degre(\ The relation 
is illustrated by the system of coordinates in Fig. 4, where 
Hagen's values form a dotted line, denoting the permeability 
at different temperatures, expressed in relative terms, the 
permeability at + 12.5° being — 100. Further, the changes 
in the quantity have been registered in tlie same system 
of coordinates in the form of a full-drawn curve. Hfi is likewise 
expressed in relative terms with = 100. We see that 

the two curves are practically coincident, which consequently 
means that the changes in permeability in the soil are parallel 
to the changes in the viscosity of watev. 



The Influence of Temp, on the Permeability of Soils to Water 433 



Fig. 4. The full-drawn curve shows the variation of the inverted values 
of viscosity with temperature. The dotted curve and the points represent 
the variation of permeability with temperature according to investigations 
by Hagen and Hazen. Only relative values are given. 

The same result to which Hagen arrived was later obtained 
by Hazen (1892). He, too, found an increase in the permea- 
bility of the soil by 3 per cent for every rise in temperature 
of one degree according to the formula 

116f??,;(0.7 + 0.03T)- J 

where to is the velocity of the water, dw the effective size of 
grain, T the temperature in degrees Celsius and I the exist- 
ing gradient of pressure. Thus Hazen’s formula follows the 

% 

dotted curve in Fig. 4. 

2, The next investigation was carried out by Haveez 
•(1874) who found in his experiments that the pei^meability of 
a sand is 6 times as great at a temperature of + 100° C as 
at a temperature of ± 0° C. A calculation of the viscosity 
coefficient at these two temperatures according to Poiseuille’s 
-equation gives the results: 

2 39498, LanthruhsMgskolans AnnaUr. VoL 8. 
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Fig. 6. The full-drawn curve shows the variation of the inverted value of 
viscosity with temperature. The dots show the perineability at 0° and 100'^ 
according to investigations by Havrez. Only relative values are given. 


• /tioo® = 3.26 • and ~ 18.14 • 

Hence it follows that 


_ 18.14 _ p. 

3.26 

i. e., the viscosity coefficient is 5.67 times as great sit 0^ C as at 
100° C, We see that ILayrez experiments also indicate that 
the changes in permeability are parallel to tlic changes in 
viscosity. The results of Haviiez’ experiments have been 
expressed graphically in Fig. 5 in the same way as the data 
of previous workers. 

3. The next investigation concerning the connection be- 
tween temperature and permeability was performed in 1880 
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Table 1, 


Temp. 


Permeability accord- 
ing to Seelheim 
ce/16 min. 

l/lii rel. 

Permeability 

rel. 

9.0 

13.73* 10“G 

94.0 

98.3 

lOO.O 

lO.fl 

13.85 

96,0 

101.2 

102.1 

11.0 

13,00 

98.0 

103.9 

104.3 

12.0 

12.03 

lOO.o 

106.8 

106.4 

13.0 

12.29 

102.5 

109.9 

109.0 

14.0 

11.97 

105.5 

112.9 

112.2 

14.5 

11.81 

106.5 

114.1 

113.3 

15.0 

11.66 

108.0 

115.8 

114.9 

15.5 

11.61 

109.5 

117.4 

116.5 

16,0 

11.37 

111.0 

118.8 

118.1 

17.0 

11.18 

114.0 

120.9 

121.3 

18.0 

10.81 

117.0 

124.9 

124.4 

19.0 

10.55 

120.0 

128.0 

127.6 

19.5 

10.42 

122.0 

129.7 

129.7 


by Sejelheim (1880). Judging^ from the test reports, Seelheim’s 
experiments seem to be made very carefully. For the det^- 
minations he used sand, which was first digested by concen- 
trated hydrochloric acid to remove CaCOy and possibly soluble 
silicas, and then, after washing, boiled with soda. Then 
fusion was done with potassium bisulphate to remove the silt 
particles, further boiling with potassium hydroxide and, finally, 
igniting to remove organic matter. The sand, which had thus 
been exceedingly well rectified, was then put into a glass tube 
in wliich the dt^terminations of permeability were performed. 
Unfortunately, Seelheim neglected to give the grain size of 
the sand. 

The ])rimary results of Seelheim’s researches have been 
given in Table 1, in the third colnmn from the left. In the 
second column the values of ^ at the respective temperatures 
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have been calculated. Finally, the two columns to the right 
give 1/^t and the permeability, expreKSsed in relative terms. 
These values are graphically presented in Fig. G: 1/fi by a 
full-drawn curve and the premeability by dots. The Kgure 
shows that the dots follow the curve almost perfectly. Accord* 
ingly Seelheim’s tests show that the changes in periiieability 
with temperature follow the changes in viscosity. 

4. On the basis of a rather considerable experimental 
material, Krbskik (1906) obtained the formula 


f{t) == 1 + 0.047 [t — 10) Vd 
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Fig. 7. Tlie fuU'drawn curve shows the variation of the inverted value of 
viscosity with temperature. The clotted lines show the variation of permea- 
bility with tcmiperature in a material with a grain size so great as to 
causes the movement of the water to become turbulent. According to 
Scluiffernak and Dachlcr. Only relative values are given. 


for tlie influence of temperature, on permeability, d is here 
tin?! grain size of tlie material, expressed in mm. On the basis 
of this formula he got another formula for the calculation of 
the >>Nornialtiltergeschwindiglceit», ^ material, by which 

he understood the velocity of flow at 10° C. This formula 
is written 

♦ 

r _ V 

yW 1 + 0.047 (if- 10) 

where v is the velocity at a given temperature, t, and d as 
before, the grain size expressed in mm. 

If this formula is applied to Hazen’s material, which, as 
mentioned above, had a grain size of abont 0.3 mm, it is 
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found that, according* to the formula, the velocity of flow 
would increase by 3.7 per cent for every rise of temperature 
of one degree. According to this, permeability would increase 
with temperature somewhat faster than the (juantity 1//^^. 

Moreover, according to Kkesnik’s formula, the influence of 
temperature on permeability would increase with, a, greater 
grain size of the material. This has, however, not been verified 
by the investigations carried out by Schaffernak and Dacliler, 
nor by the author’s own experiments, as will be shown in 
the following. 

5. ScHAFFEKNAK and Dachlee (1934) determined the varia- 
tion of permeability with tempei’ature on two different mater- 
ials, firstly a sand with a grain size of 0.18 — 0.20 cm, secondly 
gravel with a grain size of 0.6 — 0.7 cm. According* to state- 
ments in the text of the treatise concerning the former mater- 
ial, the investigations indicated that permeability increases 
by about 3 per cent for every rise of temperature of one 
degree. Thus the result agrees with those of Hagen and 
Hazen, and the change in permeability follows the change 
in the viscosity of water according to Tig. 4, However, the 
author’s statements in the text are not fully verified by the 
results of the measurements that have been published, which 
indicate that the changes in permeability would be somewhat 
more than 3 per cent for every degree Cl 

The results of the investigations on the coarser material 
are interesting. They indicate that temperature influences 
permeability considerably less here than in th(^ former case. 
Furthermore, it appears that the infliuuice of ttmiiierature 
varies with the prevailing difference in pressure, i. e. with the 
velocity of flow, in the following way within lO^- — 20° C: 


Eel. difference in pressure 0.05 ().;io 0,15 

Increase in permeability in % at the rise 
of temperature of T C / ] .oo 0.68 0.52 


A comparison between these values and the viscosity is made 
in Table 2. 
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Talle 2, 


Teinp. 

fi. 

l/ji rel. 

J Permeability expressed in rel. terms 
at the rel. diff. in pressure 



O.05 

O.IO 

0.15 

10° 

] 3.86- 10-0 

lOO.o 

lOO.o 

lOO.o 

lOO.o 

20° 

]0.3O-10-0 

129.0 

llO.o 

106.8 

106.2 


The figures in the table are illustrated graphically in Pig. 7. 

The reason why permeability is considerably less influenced 
by temperature in the tests with this coarser material is easily 
explained on the basis of the just presented theory. The 
cause is evidently that the flow becomes turbulent because the 
poi'es are so great that Reynold’s critical number is exceeded 
when the velocity is low. With the occurrence of turbulence 
the inteimal friction of the liquid is no more the only resist- 
ance to the movement but also the forces of inertia play a 
certain role. 

These forces make themselves felt the more, the greater the 
velocity, from which follows that the flow becomes in a cor- 
responding degree less sensitive to the influences of temper- 
ature. The authors have also made experiments with this 
material with regard to the relation between difference in 
pressure and the velocity of flow. Also in these experiments 
the forces of inertia make themselves felt, the correlation 
being in this case not rectilinear. 

The author’s investigations. 

Method. In the experiments arranged by the author in 
order to find out the variation of permeability with temper- 
ature, two different fractions of grain have been used: firstly 
coarse silt with a graiu size of 0.2 — 0.6 mm, secondly gravel 
with a grain size of 4.0 — 6.0 mm. The fractions were chosen 
so that in the former, laminar movement might be expected 
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at the (lifterences in pressure 
that were used, wliereas, in 
the latter, turbulence was likely 
to occur. The fractions were 
prepared by sifting and were 
washed with water before the 
experiments begun. 

For the tests a simple ap- 
paratus was used, built as shown 
by the sketch in, Pig. 8, The 
fraction was placed in a bottle 
with a wide neck, closed by a 
tightly fitting glass-stopper. At 
the bottom of the bottle was 
a thin layer of gravel with a 
grain size considerably greater 
than that of the fraction in- 
tended for the investigation. 
The inlet tube extended down 
into the layer of gravel. The 
water entering throngli this 

Fig. 8. Bketch of the apparatus tube was distributed through 
used for the determination of the i t -i • i 

relation between permeability and gravel, and, liavuig passed 

temperature, through the fraction, wpiS led 

away by a tube connected with 
the upper part of the bottle. At both the inlet Uiud the outlet 
tubes there was a side tube for measuring the difference in 
pressure, The bottle was placed in a larger glass (•ylimh'r 
through which a permanent flow of water circulated, This 
water had the same temperature as that which passed tlirough 
the sample. Owing to this arrangement the water suffercHl but 
a small change in temperature while })assing through tlie soil. 

Before the bottle was filled with material intended for the 
tests, the loss of pressure that was caused by the apparatus 
itself at different water velocities was investigated. It showed 
that these losses were very small compared to the loss of 
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V cin/sek. 



Fig. 9. .Relation between the difference in pressure and the velocity of 
water in a material with a grain size of 0.2 — 0.4 mm. The relation is linear 
sincH^ the water movement is laminar. 


pressure in the grain-fraction itself, because large tubes were 
used and, further, because the pores of the bottom layer were 
large. Consequently, the loss of pressure in the apparatus 
could be wholly neglected at the small velocities; at greater 
velocities, however, the values found had to be corrected with 
regard to this loss. This correction was made by help of a 
curve obtained by the calibration of the apparatus. 

The relation between dilfereiice in pressure and the 
quantity of water passing per iinit of time. The first 
nnrasurenient was made in ox'der to find the relation between 
the existing difference in pressure and the quantity of water 
passing per unit of time. For the finer fraction this relation 
had been determined earlier by another apparatus. The result 
of this investigation, a closer report of which has been given 
in a previous work (Gustatsson 1939) is expressed graphically 
in Fig. 9. . It is here important to notice only that the existing 
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Table S. 


Pressure in mm 
column of waiter 

Quantity of water 
cc pr min. 

Pressure in mm 
<;olumn of wafer 

(^)uantify of water 
pr min. 

14 

100 

160 

460 

35 

160 

194 

505 

49 

205 

210 

510 

71 

265 

226 

660 

93 

310 

260 

010 

132 

395 

290 

060 


cc/min. 



Fig. 10. Itelation lietween difference in pressure and tlie quantity of water 
passing through a material with a grain size of 4—0 mm. Turhulence 
occurs, whence it follow’s that the relation is not linear here. Of. Table 3. 
Temperature = 10^ C. 
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Table 4. 


Temp. 


cc/10 min. 

llf.L rel. 

Permeability rel. 

9.0 

12.7:$ -lO-^ 

68.0 

lOO.O 

lOO.O 

lO.r. 

12.16 

69.5 

104.3 

102.1 

11.(1 

12.00 

72.6 

105.6 

106.9 

12.0 

UM 

72.0 

108.7 

106.0 

Ki.o 

12.29 

77.5 

111.7 

113.9 

12.5 

12.13 

78.0 

113.2 

114.5 

14.5 

11.81 

78.5 

116.3 

115.4 

16.5 

11.51 

80.5 

119.3 

1 118.6 

19.5 

11.23 

85.0 

122.3 

125.0 

17.5 

10.95 

84.5 

125.4 

124.3 

18.0 

10.81 

89.0 

127.0 

130.8 

18.5 

10. G8 

90.0 

128.6 

132.1 

20.0 

10.30 

91.0 

123.;$ 

134.0 

21.0 

iO.06 

94.0 

136.6 

138.1 


relation is evidently linear, which agrees with Daecy’s law 
.and means that the current is laminar. On the basis of what 
has been indicated above, it may thus be expected that the 
variation of permeability with temperature will here be paralkl 
to the change in viscosity. 

The measurements of the relation between the difference in 
pressure and the quantity of water streaming through the 
-coarser fraction per unit of time was made in the just de- 
scribed apparatus. The obtained results are reproduced in 
'Table 3, tlie contents of which are gi^ven graphically in Fig. 10. 
Contrary to the result of the investigation with the finer 
material, the relation is here not linear, but is represented by 
a rather strongly bent curve. This indicates that Daect’s law 
does not apply to this case, because forces of inertia also 
appear owing to the txmbulence. Here we might accordingly 
-expect a smaller change in permeability with temperature than 
in the finer fraction. 
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Fig. 11. The rull-drawn curve shows the variation of the invertcul value of 
viscosity Avith temperature according to Foiscuille’s e([uatiou. The dots 
represent the permeability at different temperatur(vs ac<*onIiug to the autiior’s 
investigations. Heiglit of pressure JO cm. drain siv.i^ of tlie iiuiterial 
0. 2—0.4 mm. Only relative values are given. Of. O'abh^ 4, 


The relation between the prevailing temperature and 
the passing quantity of water. TJiese tests were ina,cl(> in 
the apparatus just described. The determiruition was made 
firstly with the above mentioned silt, the grain sifie of which 
was 0.2— 0.6 mm, secondly with the gravel, the grain size of 
which was 4 6 mm. The temperature was varied from 9°^ 
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Table 5. 


Temp. 0° 

fi 

cc/10 min. 

1/^ rel. 

Permeability rel. 

9.0 

13.7.t • 10— » 

137.0 

lOO.O 

lOO.O 

lO.o 

13.85 

129.0 

102.8 

94.2 

11.0 

13.00 

144.0 

105.6 

106.1 

12.0 

12.68 

146.0 

108.7 

106.6 

13.0 

12.29 

154.0 

111.7 

112.4 

13.6 

12.18 

169.0 

113.2 

116.1 

14.0 

11.97 

167.0 

114.7 

114.6 

14.5 

11.81 

159.6 

116.3 

116.4 

^ 15,5 

11.61 

169.6 

119.3 

116.4 

1 16.0 

11.87 

174.0 

120.8 

127.6 

: 17.0 

11.18 

181.6 

122.8 

132.6 

18.0 

10.81 

18O.0 

127.0 

131.4 

j 20.0 

1 0.8O 

180.0 

133.3 

131.4 

! 21.0 

10.05 

194.6 

136.6 

142.0 

; 22.0 

0.82 

200.5 

139.8 

146.4 

; 24.0 

9.81 

203.6 

147.5 

148.5 


to 24^^ C in the former case and from 9° to 40° C in the 
latter. ♦ 

The experiments with the silt were carried out in 3 dif- 
ferent vseries, and in each one of them the difference in pressure 
was kept constant and only the temperature was varied. 

In the first series the diJBference in pressure within the 
column of earth was 10 cm. The obtained results are seen 
in Table 4. In the table is also inserted the viscosity coef- 
ficient of water, at the different temperatures. In the two 
columns to the ri^ht the quantity l//x as well as the permea- 
bility have been given in relative terms. In Pig. 11 the first 
mentioned values are reproduced in the shape of a full-drawn 
curve and the latter values in the shape of dotted curve. It 
is easily seen that permeability varies with temperature in the 
same way as viscosity. 
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Fig. 12. The fnll-dniwn curve shows the variation of the inverte<l value 
of viscosity with temperature according to Foisciiilh^.’s cuiuatioo. The dots 
rei>resent the permeability at diffenmt temperaturcH a<‘, cording to tiui author's 
investigations. Height of pressure ^0 an. Grain siicci of the material 
0.2 — 0.4 nim. Only relative values are given. Of. Tal)le 6. 

In the next series the difference in pressure within the 
column of earth was 20 cm. The resiilts are given in Table 5 
and have been illustrated graphically in the same way as the 
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Table 6, 


Tcwp. 0^^ 


ceyiO min. 

1/f.i rel. 

Permeability rel. 

9.0 

12.73 • 10 -<' 

201.0 

lOO.O 

lOO.o 

lO.o 

12.35 

210 .O 

102.8 

104.5 

11.0 

13.00 

208..5 

106.6 

103,7 

12.0 

12.63 

212.5 

108.7 

105.7 

13.0 

12.29 

215.0 

111.7 

107.0 

14.0 

11.97 

222.0 

114.7 

110.4 

16.0 

11.66 

231.0 

117.8 

114.9 

16.0 

11.37 

240 .O 

- 120.8 

119.4 

17.0 

11.18 

260.0 

122.8 

127.4 

18.0 

10.81 

270.0 

127.0 

134.3 

lO.O 

10.55 

268.0 

130.1 

133.3 

20.0 

10.30 

274.0 

122.3 

136.3 

21.0 

10.05 

280.5 

136.6 

139.6 

22.0 

9,82 

270.5 

139.8 

137.6 

24.0 

9.31 

301.0 

147.5 

149.8 


previous series in Fi^*, 12. The third series had a difference 
in pressure of 30 cm, and the results of this series are given 
in Table 6 and Fig. 13, These two series give the saj^e 
average result as the first, namely that temperature influences 
permeability in the same way as viscosity. 

As we have seen, the results obtained from the material of 
().2~().(> mm agree with the presented theory as well as with 
the results of earlier investigations. 

The experiments with the gravel were made in two different 
series, in both of which the difference in pressure was kept 
constant. 

In the first series the difference in pressure within the 
column of gravel was 5 cm. The results are seen in Table 7. 
To the table corresponds the graphic illustration in Fig. 14. 
The second series was performed with a difference in pressure 
of 15 cm. The results are to be found in Table 8 and Fig. 15. 
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Fig. 1 ^. The Ml-drawn curvG shows the variation of the inv( 5 rte(l value 
of viscosity with te,nix>erature according to Foisenille’B et(nation. The dots 
represent the perraeahility at different teniperatnreH according to the author’s 
investigations. Height of pressure 80 rnh Grain of the material 
0.2 — 0.4 mm. Only relative values arc given, (ff. Tahl© 6. 

From the graphic illustration in Figures 14 and 15 it is 
evident that the results from these two series differ from the 
preceeding results. The influence of temperature on permea- 
bility is here considerably less than its influence on viscosity. 
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Tnhle 7. 


Temp. 


C(*/10 min. 

l;\u rel. 

Permeability rel. 

lO.o 

.12.2r>- 10"" « 

206 

lOO.o 

lOO.o 

I 1 .0 

12.00 

210 

102.7 

101.9 

12.0 

12. (W 

200 

105.7 

101.5 

14.0 

1 1 .97 

212 

111.5 

102.9 

:io.() 

11.117 

224 

117.4 

108.7 

18.0 

10.81 

218 

122.5 

105.8 

20.0 

lO.llO 

221 

120.6 

112.1 

22.0 

0.82 

244 

135.0 

118.4 

24.0 

0.21 

248 

143.4 

120.4 

20.(1 

8.90 

260 

149.0 

130.5 

20.0 

8.21 

265 

102.6 

128.6 

25.0 

7.41 

273 

180.3 

132.5 

40.0 

6.72 

280 

198.7 

135.9 



'fahle 8. 



Temp. 

JLl 

ee/lO min. 

1/^, rel. 

Permeability rel. 

10 

12.25 • 10— « 

420 

lOO.O 

lOO.o ^ 

11 

12.00 

425 

102.7 

101.2 

12 

1 2.02 

420 

105.7 

lOO.o 

14: 

1 1 .97 

486 

111.5 

112.8 

1() 

1 1.27 

470 

117.4 

109.8 


10,81. 

485 

123.5 

112.8 

20 

10.20 

600 

» 129.6 

116.3 

22 

0.82 

520 

135.9 

123.8 

24 

0.21 

690 

143.4 

137.8 

26 

8.90 

510 

149.0 

118.6 

20 

8.21 

585 

162.6 

136.4 

25 

7.41 

6.00 

180.2 

139.5 

40 

6.72 

6.00 

198.7 

139.5 

29 — 29498. 

Lanthrukshogskolans Annaler. Vol. 8. 




450 


Yngve Gustafsson 



Fig, 14. The fulTdrawn curve shows the variation of the inverted value of 
viscosity with temperature according to PoiseuilkVs CHiuatioii. The dots 
represent the permeability at different temperatures u(H‘ording to the author’s 
investigations. Height of pressure 5 cm. (Jrain of the matt^rial 4— (J mm. 
Only relative values are given. Of. Tal)le 7, 


According to the adduced tlieory this in to be interpreted 
so, that ill this coarse material there occur at the movement 
of the water not only forees of friafioii but also forces of in- 
ertia. This is due to the fact that turbulence enters into the 
movement owing* to the coarseness of the pores. No changes 
in the influence of temperature on permeability with difterence 
in pressure have, however, been observed. 
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Fig* 15. The full-drawn curve shows the variation of the inverted value of 
viscosity with tompcnitiire according to Poiseuille’s equation. The dots 
represent the pernuiability at different temperatures according to the author’s 
investigations. Height of pressure .75 cm. Grain size of the material 4 — 6 mm. 

Only relative values are given. Gf. Table 8. 


The iiiiportaiiee of the influence of tenii)eratnre for 
ground water movement under normal conditions- 

Ab IB well known, ground water from great depths below 
the ground surface is characterized by a relatively constant 
temperature. Measurements performed at the Institute of 
Agricultural Hydrotechnics of the Agricultural College of Swe- 
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den in connection witli the use of gTOiiiid watei* from the 
Uppsala ridge for hydraulic experiments have shown that the 
animal variation here does not exceed 2^^ C. Other measure™ 
ments have given similar I'esiilts (Pkinz 1919). It is there- 
fore evident that the variation of temperature of this ground 
water is relatively insignificant. Any consideral)le variation 
ill the state of flow owing to the influence of temperature 
will consequently not occur. 

Nearer to the surface of the ground, however, conditions 
are different, which is worth noticing especially from the point 
of view of agriculture. The nearer to the surface, the greater 
are the changes in temperature. A periodic variation exists 
here, annual and daily. Near the ground surface we will 
therefore have a considerable variation of permeability on 
account of changes in temperature. Water due to the nudting 
of snow in spring has a temperature slightly above 0'^ and 
must therefore move with much more difficulty than the water 
coming from a snmnier rain. If we assume a temperature of 
U G in the former case and 22° in the latter, the permea- 
bility on the two occasions may be expressed by tln^ ratio 
100:163. Thus there is a considerable difference in permea- 
bility. 

^Froni what has now been said follows further the necessity 
of taking the prevailing temperature into consideration at the 
determination of the permeability of a soil, whether tliis de- 
termination is made in the laboratory or by some field method. 
In earlier investigations this fact has generally been dis- 
regarded. To make the values obtained on diftxu’etit occasions 
commensurable it is necessary to reduce them to the same 
temperature. Since it has been shown here that the variation 
ofj permeability with temperature follows the variation, of 
viscosity, it must be possible to make such a reduction on the 
basis of Poiseuille’s equation (6). For this reduction of K 
from one temperature to another we obtain the for- 
mula: 
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.. . 1 + 0.0337 T, + 0.00022 T\ 

“ 1 + O.03:-J7 7’, + O.oa022 

Not only tlie viscosity of free water varies with temperature, 
but also the viscosity of water bound by capillary and osmotic 
forces. Hence it follows that also the movement of such water 
is intlinmced by temperature. However, the relations are more 
complicated here than in the movement of free water, for here 
the driviii^^ forces which are of osmotic and capillary nature, 
are also dependent upon temperature. This is not the case 
in the movement of free water, where the driving power is 
gravitation. Thus the surface tension decreases with temper- 
ature, which means that the capillary force decreases. Tor 
the water that moves under the influence of capillarity, this 
implies that the decrease in viscosity with increasing teniper- 
atiD:*e is compensated to a certain degree by a decrease in the 
force that brings about the movement, namely the surface 
tension. But tlu^ changes of surface tension with temperature 
are considerably less than the changes in viscosity, from which 
it follows that the velocity of capillary water increases with 
rising t(unpeTatur(% even though the increase is less than it 
is for free water. The capillary rise, however, is smaller at 
high temperatures than at low. What is now said is verified 
by ex|)eriments regai-ding the capillary rise pei'foxmed in 1887 
by Wollny 1930, p. 115). 

To wbat extent tlie osmotic movement of water is influenced 
by temperature can not be discussed more thoroughly, since 
tlnu^e is no experimental material available. 

In clay soils without crumb formations there is hardly any 
free water, siru?e the greater part of it is governed by capillary 
and osmotic forces. Hence it follows that we can not expect 
the same dependence on temperature here as in the laminar 
movement of water in coarser soils. However, the experimental 
material available at present (e. g. that presented by Seelheim 
1880 ) is not sufficient for a more thorough discussion of these 
questions. 
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Summary. 

For the movement of water tlirongli a soil under natural 
conditions, Darcy’s law holds true, which says tliat the ve- 
locity of the flow is directly proportional to the difference in 
pressure. This form of water movement is to be looked upon 
as laminar and the only force of resistance against the move- 
ment are the forces of inertia. The velocity of the flow will 
therefore be inversely proportional to the viscosity coefficient. 
Changes in the viscosity coefficient of the water, for instance 
on account of changes in temperature, will consecjuently cause 
the same percentage change in the permeability of the soil. 

A closer examination of a series of results from older re- 
searches as well as of the author’s own investigations clearly 
indicate that such is the case. Thus, according to Poiseiiille’s 
equation, every C° causes a change in tlie viscosity coefficient 
of about 3 per cent. The changes in perm(?ability are on an 
average equally great. 

In coarse soil fractions Reynold’s number is exceeded at a 
certain velocity and a turbulent movement occurs. This means 
that besides the forces of friction the force of inertia also 
enters as a retarding force. Darcy’s law is no more applic- 
able, the relation between the difference in ])ressure and the 
velocity of the water being here represented by a curved line. 
Here, variations of the viscosity coefficient of water owing to 
changes in temperature can not be supposed to cause ecpial 
changes in permeability. The x'esiilts of ohler work as well 
as the author’s own investigations sliow that the ehaiigos in 
permeability are considerq.bly less than the changes in viscosity. 

The variation of temperature at greater deijtlis in tln^ ground 
is insignificant, and, therefore, there are no great changcis in 
the velocity of ground water movement due to changes in 
temperature. JSTearer to the surface, on the other hand, the 
permeability of the soil will be subject to considerable fluctua- 
tions on account of the variations of temperature. 

The investigation shows how important it is that the results 
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of the determinations of the permeability of a soil — they 
may have been carried out in the field or by means of la- 
boratory methods — are reduced to a fixed temperature in order 
to become commensurable. It is evident that such a reduc- 
tion may be effectuated on the basis of Poiseuille’s equation. 

Sammanfattning. . 

Vid vattnets stromniiig- genom jord galler under naturliga 
forhallanden Darcy’s sats, enligt vilken stromningshastigheten 
iir direkt proportionell mot tryckfallet. Vattnets rorelseform 
iir att uppfatta som laminar och sasom motstandskrafter mot 
rorelseii upptrada endast friktionskrafter. Stromningshastig- 
heten blir diirfor beroende av vattnets viskositet, i det att den 
b(>r vara ornvant proportionell mot viskositetskoefficienten. 
Fdrandringar i viskositetskoefficienten hos vattnet exempelvis 
till f()ljd av tcnnperaturforandringar bora diirfor ge upphov till 
procentuellt lika, stora foriindringar i jordens permeabilitet. 

En narmare granskning saviil av en rad iildre forsknings- 
resultat som forfattarens egna nndersokningar ge tydligt vid 
handcm att sa iir fallet. Varje ger saledes enligt Poiseuilles 
elevation upphov till en foriindring i viskositetskoefficienten 
med 3 %. Foriindringen i permeabilitet iir i genomsnitt lika sl^or. 

I grovre iordmaterial overskrides vid en viss hastighet det 
Reynoldska talet och turbulent rorelse intrader. Detta inne- 
bar att siLsom retarderande krafter upptrada jamte friktions- 
krafterna aven troghetskraften. Darcy’ska satsen iir ej langre 
giltig utan sambandet nxellan tryckfall och vattenhastighet be- 
skrives hiir av en kroklinje. Fortodringar i viskositetskoeffi- 
cienten hos vattnet till foljd av temperaturforiindringar kunna 
nu e;j forvilntas ge iipphov till procentuellt lika stora forarid- 
ringar i permeabiliteten. Aldre forskares resultat och forfat- 
tarens undersokningar visa ocksa att permeabilitetsforand- 
ringarna arc avsevart mindre iin viskositetsforiindringarna. 

Temperaturvariationen iir pa storre djup i marken ohetyd- 
lig, varfor n%ra storre forandringar i grundvattnets strom- 
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niiigshastighet till folid av temperaturforandriiigar ej iipptriida. 
Dareniot torde jordens permeabilitet iiarmare ytaii vani, iitsatt 
for avsevarda fluktuationer till foljd av temperatiircnis vaxlitio-ar. 

Uiidersokniiigen visar vikteii av att resultattvii fraii bestaiii™ 
iiiiigar av jords permeabilitet vare nig de ntfiirts i fiilt eller 
med laboratoriemetoder reduceras till on beustamd te,mp<a‘atnr 
for att bli jitinforbara. UnderBokningen visar att on sadan 
reduktion kan ske med ntgangspunkt fran Poisenilles ekvatioii. 
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Scarification of hard-boiling peas. 

By EWKRT ABERG and G. BJALFVE. 
(Preliminary Report.) 

(hnmiunimtUm No, 8 from the Institute of Flant Husbandry. 


Among the tests in the practice course for the advanced 
students in plant liusbandrj, held in 1939 under the super- 
vision of Professor Huoo Gsvald, boiling experiments on peas 
were carried out. The method employed was that which was 
worktHl out at the Ultima branch station of the Swedish Seed 
Association. The majority of the pea samples derived from 
the institution’s experimental field at Ultima and from the 
Ultuna Farm. A number of samples were also kindly supplied 
by Docent R. Toi^ssklu. 

In the case of certain of the samples, the boilings sho^^ed 
a very high proportion of hard-boiling peas. It could be 
assumed that a certain analogy with the hard seeds of red 
clover existed. Those samples containing hard-boiling peas 
were therefore used for scarifying experiments on the peas, 
before boiling. The peas were scarified in the dry state with 
a pointed knife, but only sufficimitly to break through the 
iiitegument. The peas were then boiled according to the 
principle mentioned above. The results are shown in table 1, 

As will be seen from the table, the scarification had a very 
good effect. In the present case the percentage of partially 
boiled peas with 90 minutes’ boiling-time decreased by at least 
9 and at most 43. The material used in these experiments 
was, certainly, inconsiderable, as the tests were originally in- 
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Table 1. 

Results of boiling tests on peas in the spring of 1939 
(Resiiltat av kokningsunclersokningar med ilrter varen 1939.) 


Boiling time 90 minutes; weight of samples 100 g. 
(Kokningstid 90 minuter; proveiis vikt 100 g.) 




Thousand- 

Number of 

Fully boiled 

Partially 

Sample 

Treatment 

kern el weight 

peas per 
sample 
(Antal ilrter 
pr prov) 

peas 

lK>iled 

peas 

(Prov) 

(Behandling) 

(Tusenkorn- 

vikt) 

(Fiirdigkokta 

ilrter) 

(Ic.ke fiirdig- 
kokta ilrter) 



g 


No. 

% 

No. 

% 

1 

None 
(In gen) 

170 

592 

363 

61 

229 

39 


Scarification 

(Rispning) 


(iis 

6G0 

93 

43 

7 

2 

None 

(Ingen) 

213 

467 

i 

80 

17 

3H7 

83 


Scarification 
(Ri signing) 


602 

211 

42 

291 

68 

3 

None 
(In gen) 

230 

431 

327 

70 

104. 

24 


Scarification 

(Rispning) 

448 

370 

86 

69 

15 


' n 4 

None 

(Ingen) 

162 

634 

200 

32 

434 

68 


Scarification 

(Rispning) 


680 

611 

75 

169 

25 


Sample 1: Toradagsart II, 1937 year’s crop. 

» 2: Torsdagsiirt II, 1937 » « 

>5 3: Gylleniirt, 1938 » » 

" 4 ; Amhrosiailrt II, 19^7 » » 


tended only as practice-tests for the course, but the results 
obtained seem worth reporting. They indicate that it sliould 
he possible to decrease the number of hard-boiling peas in a 
lot by scarifying or preparing the peas in apparatuses con- 
structed on a principle similar to that of an ordinary seed- 
scarifier. The tests will be continued. 
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Samnianfattiiing* 

Arbetets titel: liisjndng m hdrdJcoJcfa drter. 

Vid (leu ovnin^^sknrs for agr. lie. examen i vaxtodlingslara, 
som 19(^9 bolls rnider leduiug av professor Hugo Osyaed, ut- 
fbrdes bl a. kokniugstindersokiiingar pa arter. Darvid auYan- 
des den rnetod, som iitarbetats vid Sveriges utsiidesf openings 
baljvaxtavdelning vid XJltnna. Flertalet artprover barstam- 
iiiade friin institntionens forsoksfalt vid Dltuna ocb fran Ultnna 
egendom, En del bade valvilligt stiillts till forfogande av 
docent R. ToRSBEuii. 

Vid kokningarna visade det sig, att vissa prover innebollo 
■en inycket stor uuingd bardkokta iirter. En viss analogi med 
bardskaligbet bos fron av rodklover Imnde formodas foreligga. 
Dessa prov med hai’dkokta iirter anvandes dilrfor for forsok 
Tued rispuing av arterna fore kokniiigen. Arterna rispades i 
torrt tillstand med en spetsig kniv ocb endast sa mycket, att 
skalet blev genombrntet. Kokningarna utfordes darefter en- 
ligt samma priricip som ovan, ocb resnltaten framga av ovan- 
•stderule tabell. 

Som synes av tabellen, bar rispuingen baft mycket god 
verkan. I foreliggande fall bar procenttalet icke fardigkokta 
iirter pr 90 ruin, kokningstid nedgatt med lagst 9 ocb bdgst 
43. Det iir visserligen ett obetydiigt material som ingatt i 
dessa undersokningar, vilka fran borian endast voro avsedda 
som ovningsuppgift under kursen, men de resultat, som er- 
ballits, synas vara varda att delgivas en vidare krets. De an- 
tyda, att man skulle kunna minska procentbalten bardkokta 
iirter i ett parti genom att rispa eller preparera arterna i ap- 
parater, konstruerade i likbet med en vanlig fropreparator, 
Unders(>kningarna komma att fortsattas. 


(MS. receivod May 17tli 1040.) 
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Viviparous forms of Agrostis. 

By EWERT ABERG. 


(hmnninhmii<)n No, 9 from the Imtitute of Flant Hmhandry. 


There seem, to be no viviparous forms of Agrostis described 
from. Scandinavia. Such forms are mentioned by Hegi (1935) 
in Ills »llliistrierte Flora von Mitteleuropa». He states that 
viviparous forms are found within Agrostis stolomfera L. and 
Agrostis termis Sibth. A short account of two viviparous forms 
found in Scandinavia will be given here. 

During a to Northern Scandinavia in the summer 

of 1935 the author collected a number of Agrostis plants, 
which were then grown at Ultuna in the experimental field 
of the Institute of Plant Husbandry. Among these were two 
viviparous plants. One of them (Plant I) was collected at 
Abisko and belonged to Agrostis tenuis and the other (PlantTI) 
was collected at Narvik and belonged to Agrostis stolonifera. 

Plant I was found on dry, sandy soil near the railway 
station at Abisko. It was characterized by erect growth and 
moderately broad leaves. The lowest ligules were strongly 
anthocyanin coloured and the flags were ei*ect when the 
panicles emerged. The plant did not flourish at Ultuna and 
died during the winter 1937 to 1938. Consequently it was 
only studied during the summers 1936 and 1937. The panicles 
that appeared were few, but they were all distinctly viviparous 

(Fis:. 1). 

J^Iant II was collected at the road-side near the railway 
station at Narvik. It was very well developed. The leaves 
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Fig. 1. PanicleK of i)Iant I (a) luid plant If (h) X Mode of growth 
of plant n {cl 


were dark green, and the mode of growth was procumbent. 
When planted at Ultuna the tuft was divided into two parts. 
These throve very well and were studied during the summers 
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1936 to 1939. During this period the following characters 
for the two plants have been noted. Mode of growth procum- 
bent, tillering very good, spread through subterranean runners 
considerable, leaves dark green, flags erect when the panicles 
emerge. A great number of panicles appeared, and they were 
viviparous. The plant is still flourishing in the experimental 
field and will be subject to further investigations. Fig. 1 
shows the mode of growth and a panicle of the plant. 

Sammanfattniiig. 

Arbetets titel: Vivipara former av Agrostis. 

Vivipara former av Agrostis synas ej tidigare ha beskrivits 
fran Skandinavien. Forfattaren patraffade under en resa till 
Norra Skandinavien 1935 tva planter av Agrostis., som vid 
odling pa IJltuna visade sig vara vivipara. Den ena insamlades 
i Abisko och tillhorde Agrostis tenuis Sibth. den andra in- 
samlades i Narvik och var en Agrostis stolonifera L. 
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